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SUMMARY 

This  r e p o r t  i s  devoted t o  t h e  development of  d i sp l ay  
concepts f o r  landing an a i r c r a f t  i n  reduced weather minima. 
The r e p o r t  is  divided i n t o  s i x  sec t ions .  The f i r s t ,  t h e  
in t roduc t ion ,  exp la ins  t h e  o t h e r  f i v e .  

The second s e c t i o n  is devoted t o  a s t a t e m e n t  of the 
f a c t o r s  which in f luence  the  al l -weather  landing problem. 
Fac tors  of  weather,  a i r c r a f t ,  p i l o t s ,  cockpi t  instrumenta- 
t i o n ,  ground f a c i l i t i e s ,  sociopsychological-legal problems, 
and the  man-machine i n t e r f a c e  are considered. 

The t h i r d  s e c t i o n  is an a n a l y s i s  of t h e  VFR landing 
t a s k .  T h e  r e s u l t s  of  t h e  a n a l y s i s  suggest  t h a t  t h e  p i l o t  
makes t h r e e  sepa ra t e  d i s t ance  judgments: when to  i n i t i a t e  
t h e  f i n a l  approach; whether t h e  a i r c r a f t  w i l l  make it t o  t h e  
runway; when t o  i n i t i a t e  t he  f l a r e  maneuver, 

It  w a s  found h e l p f u l  t o  cons t rue  t h e  infarmation pre- 
sen ted  during t h e  VFR landing t a s k  as a compensatory d i sp lay  
which t h e  p i l o t  used t o  t r a c k  a ramp t o  t h e  runway aiming 
poin t .  

The fou r th  s e c t i o n  p resen t s  t h e  r e s u l t s  of a s tudy of 
p i l o t  acceptance of d i sp l ays  for  landing  i n  reduced weather 
minima. The s tudy included a s p e c i a l  cons idera t ion  of the  
r e l i a b i l i t y  and v a l i d i t y  of p i l o t  preferences.  T h e  r e s u l t s  
i n d i c a t e  t h a t  p i l o t s  p r e f e r  a wind screen d i sp lay  which 
p resen t s  a p i c t o r i a l  r ep resen ta t ion  of t h e  landing s i t u a t i o n  
as w e l l  as t h e  r e l a t i o n s h i p  of t he  a i r c r a f t  t o  t h e  g l i d e  
s lope  and l o c a l i z e r .  P i l o t s  p r e f e r  a d i sp lay  which p resen t s  
a i r speed  information,  bu t  n o t  n e c e s s a r i l y  a l t i t u d e .  P i l o t s  
preferences  were i n t e r n a l l y  c o n s i s t e n t  ( re l iable)  and they 
w e r e  v a l i d  as compared w i t h  human engineer ing recommendations 
f o r  d i sp l ays  of a l t i t u d e ,  a i r speed  and s ink  rate.  

The f i f t h  s e c t i o n  p resen t s  a d i sp lay  f o r  Category I1 
weather landing which r e s u l t s  from t h e  a n a l y s i s  of t he  land- 
ing  t a s k  and t h e  r e s u l t s  of t h e  preference  s tudy;  and pre- 
s e n t s  t w o  d i s p l a y  concepts,  It  i s  f e l t  t h a t  t h i s  d i sp l ay  
would be compatible with Category I11 requirements.  

The f i n a l  s e c t i o n  p resen t s  a program of  experimentation 
t o  r e f i n e  t h e  d i sp lay  suggested i n  t h e  f i f t h  s e c t i o n ,  
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INTRODUCTION 

T h i s  r e p o r t  i s  devoted t o  the  development of a d i sp lay  
for  landing an a i rc raf t  when t h e  c e i l i n g  is  100 feet and 
the  Runway Visual  Range is 1300 feet ,  i.e.! Category I1 wea-  
t h e r  minima. The r e p o r t  is divided i n t o  SPX s e c t i o n s ,  The 
second s e c t i o n  is intended to put t h e  e f fo r t  i n t o  perspec t ive  
as regards all-weather landing,  Sec t ion  threep an a n a l y s i s  
of t h e  landing t a s k  under VFR condi t ions ,  is intended t o  
develop t h e  kinds of information needed t o  f a c i l i t a t e  t h e  
dec i s ions  which t h e  p i l o t  must make and t o  e l u c i d a t e  the  
na tu re  of t h e  VFR landing d i sp lay ,  The a n a l y s i s  is then  
extended t o  the  I F R  landing,  Sec t ion  four  describes an 
acceptance s tudy which w a s  conducted w i t h  p i l o t s  t o  determine 
t h e i r  needs and desires for  information p resen ta t ion  i n  l o w  
v i s i b i l i t y  landings.  Sec t ion  f i v e  b r ings  toge the r  the in-  
formation f r o m  s e c t i o n s  three and fou r ,  t o  develop the 
information requirements for  an adequate d i s p l a y  and t o  
develop c r i t e r i a  by which a d i sp l ay  could be judged. The 
s i x t h  and f i n a l  section? suggests  a program of experimentation 
f o r  t h e  eva lua t ion  of d i sp lays  f o r  a l l -weather  landing, 

Serendip i ty  Associates  wishes t o  express  its apprecia- 
t i o n  t o  M r ,  P a t  Zfnnato of Amcan A i r p a r t s ,  l 04 l5  Burbank 
Boulevard, North Hollywood, who very kindly allowed us t o  
take photographs for t h e  s t imulus m a t e r i a l s  of t h e  p i l o t  
acceptance s tudy.  

W e  are indebted t o  t h e  many American A i r l i n e s  p i l o t s  who 
served  a s  volunteer  i n t e r v i e w e e s . i n  t h e  s tudy,  American 
A i r l i n e s  management personnel cooperated i n  f ind ing  volunteers  
and i n  providing off ice  space for t h e  conduct of t h e  i n t e r -  
views. W e  a r e  p a r t i c u l a r l y  indebted t o  Captain Robert Baker 
who provided advice,  a s s i s t a n c e ,  and o f f i c e  space. 
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ALL-WEATHER LANDING 

The purpose of t h i s  s e c t i o n  is  t o  pu t  t h e  p re sen t  r e p o r t  
i n t o  contex t .  W e  w i l l  cons ider  some of the  f a c t o r s  associated 
w i t h  t h e  problem of a l l -weather  landing,  and thus ,  hopefu l ly ,  
pu t  t h e  development of  v i s u a l  d i sp l ays  for  all-weather landing 
i n t o  context .  

Weather 

F i r s t ,  cons ider  t h e  t e r m  "all-weather landing".  i t se l f ,  
The i n t e n t i o n  of  t h i s  t e r m  is  e n t i r e l y  too inc lus ive .  I t  i s  
q u i t e  conceivable t h a t  all-weather landing w i l l  never be 
achieved, and t h a t  one would n o t  want t o  achieve it, The 
goals for  landing i n  reduced v i s i b i l i t y  a r e  much more modestly 
stated,  i n  terms of c e i l i n g  and runway-visual range, a s  ( 1 7 ) :  

Category I ,  200 f o o t  c e i l i n g  and 2600  feet v i s i b i l i t y ;  
Category 11, 1 0 0  foot c e i l i n g  and 1 3 0 0  f e e t  v i s i b i l i t y ;  
Category 111, opera t ion  down t o  and along the s u r f a c e  

of t h e  runway u n r e s t r i c t e d  by closed base and v i s i -  
b i l i t y  condi t ions .  

A i r c r a f t  

A second factor is  t h e  a i r c r a f t  i t se l f .  There are two 
classes of problems here. One of  these is  the  technique of 
landing t h e  a i r c r a f t .  Here w e  refer t o  t h e  n e c e s s i t y  for a 
c rab  approach i n  a crosswind and t o  t h e  necess i ty  f o r  f l a r i n g  
the  a i r c r a f t  p r i o r  t o  touchdown. I t  would be very desirable 
i f  a i rc raf t  could be designed t o  e l imina te  these two maneuvers, 
a t  least  for  commercial a i rcraf t .  

The second c l a s s  of problems as soc ia t ed  w i t h  t h e  a i rc raf t  
is  new vs.  o l d  a i r c r a f t .  A i r c r a f t  l a s t  a long t i m e ,  Except 
for  very unusual s i t u a t i o n s ,  a i rc raf t  are very durable ,  This  
means t h a t  it may be a very long t i m e  before zero-zero w e a -  
t h e r  landings w i l l  be rou t ine  for  a l l  commercial a i r c r a f t .  

P i l o t s  

A t h i r d  set of factors i n  all-weather landing is  t h a t  of 
p i l o t ' s  and p i l o t i n g  technique. P i l o t s ,  being human beings,  
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exhibit many of the characteristics of Homo sapiens, They 
tend to be creatures of habit, especially in emergencies. 
A further complication is that pilots have thousands of 
hours of experience in the older aircraft, If they did not 
have this experience they would not be in the positions 
in which they find themselves-since neither the airlines, 
the FAA nor the ALPA would allow them to sit in a Captain's 
seat. Further, there is justification for this emphasis on 
experience, 

The point is that experience in older aircraft does not 
guarantee complete competence in landing an aircraft with 
different design and handling characteristics. The new air- 
craft are larger, they cruise at higher speeds, but they land 
at substantially the same speed as older aircraft. As a 
consequence, their handling characteristics on landing are 
poorer than those of the older aircraft. This means that 
the landing maneuver with the newer aircraft must be accom- 
plished with much more precision than with the older aircraft. 

Ground Facilities 

The fourth factor is ground facilities and equipment. 
The first consideration is that there is no standardization 
as regards landing aid (e,gs, Instrument Landing System) 
placement. At one airport the ILS may be at the approach 
end of the runway, At another--Logan Airport at Boston--it 
may be 3000 feet from the approach end of the runway. Thus 
airports are frequently not as long as the aeronautical chart 
indicates--at least as far as the zero-zero weather landing 
is concerned. It would seem desirable to have such matters 
standardized. 

A second problem which follows immediately upon that of 
ILS placement standardization is the capability of the ILS 
equipment itself. The following quotation from the Airman's 
Guide for 6 October, 1964 speaks for itself. 

"BURBANK, LOCKHEED AIR TRML TWR: ILS glide slope 
rnwy 7 unusable below 1075' MSL." 

The Lockheed Air Terminal is quoted as having an altitude of 
775 ft. MSL. Thus the ILS is unusable after the aircraft 
reaches an altitude of 300 feet above the runway surfacer 

4 



A t h i r d  problem as regards  a i r p o r t s  i s  t h e  runway width 
i n  r e l a t i o n  t o  t h e  decrab and r o l l - o u t  maneuver. They are 
too narrow. The problem for  t h e  p i l o t - a s  Bob Baker1 has  
remarked-" is t o  t h r e a d  a needle  wi th  h i s  a i rcraf t ."  Now i f  
one couples  t h i s  w i th  t h e  f a c t  t h e  new a i r c ra f t  are becoming 
more expensive,  and t h a t  l a w  s u i t s  are making passengers  
more expensive,  t h e  25 m i l l i o n  d o l l a r  Supersonic Transpor t  
w i l l  n o t  have t o  go o f f  a runway many t i m e s  before  it w i l l  
be recognized t h a t  runways should be wider. The w i d e r  runway 
may be t h e  only  answer t o  t h e  decrab problem when a i r c ra f t  
become more expensive,  and p r e c i s i o n  landings  i n  reduced 
v i s i b i l i t y  are r equ i r ed ,  

Ins t rumenta t ion  

The f i f t h  f a c t o r  i s  cockp i t  ins t rumenta t ion .  The 
instrument  pane l  i s  s t r a i g h t  up and down. Instruments  nea r  
t h e  t o p  are nea r ly  perpendicular  t o  t h e  p i l o t ' s  l i n e  of s i g h t ,  
However, ins t ruments  nea r  t h e  bottom are presented  a t  an angle  
of 45-50 degrees  wi th  r e s p e c t  t o  t h e  p i l o t ' s  l i n e  of s i g h t .  
I t  would be a simple matter t o  tilt t h e  lower po r t ion  of t h e  
pane l  about 45 degrees  and p resen t  a l l  ins t ruments  a t  a more 
appropr i a t e  viewing angle ,  

A s  regards  engine instruments  t h e  p i l o t  must i n f e r  per- 
c e n t  of t h r u s t  from one of several meters. The one he 
uses  depends upon t h e  k inds  of  t r o u b l e  he has  experienced i n  
t h e  p a s t  w i th  errors i n  a p a r t i c u l a r  instrument ,  t h e  a l t i t u d e  
a t  which he i s  f l y i n g  and t h e  maneuver he i s  making with t h e  
a i rcraf t .  

Simple switches are designed so t h a t  t h e  p i l o t  must push 
h i s  hand up and backward t o  t u r n  them o f f  f o r  one in s t ance ,  
and up and forward t o  t u r n  them o f f  f o r  another .  

There are a r t i f i c i a l  horizons which r o l l  over i f  t h e  a i r -  
c r a f t  exceeds a bank of 60  degrees.  Such an instrument  i s  
designed for  s t r a i g h t  and level f l i g h t  and t h e  normal banks 
of t r a n s p o r t  a i r c ra f t  f l i g h t .  However, an  a i r c r a f t  might be 
caught i n  turbulence  and t i p p e d  up more than  60  degrees.  

'Manager of  F ly ing  Tra in ing ,  American A i r l i n e s ,  Los  Angeles, 
C a l i f o r n i a  e 
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Finally, it must be remembered that the landing comes 
at the end of the flight when the pilot is not maximally 
alert, and when he needs a straightforward, simple display, 
WelP-rested pilots can fly an aircraft with almost any kind 
of instrumentation, but not tired pilots, 

Ssciopsycho-legal 

A sixth factor is the sociopsychoEogicaP-legal considera- 
tions of flight, We consider first the legal matter. FAA 
regulation states-- 

" 9 1 . 3  RESPONSIBILITY AND AWTNORITY OF THE PILOT 
IN COMMAND 

The pilot in command of an aircraft is 
directly responsible for, and is the final 
authority as to, the operation of that 
aircraft. 

In an emergency requiring immediate action, 
the pilot in command may deviate from any 
rule of this subpart or of subpart B (Flight 
rules of right-of-way, acrobatic flight, ATC 
clearances, minimum safe altitudes, etc,2) to 
the extent required to meet that emergency. 

Each pilot in command who deviates from 
a rule under paragraph (b) of this section 

send a written report of that deviation to the 
administrator, " 

s h a l l ,  UPO~ the request sf the Administrator, 

It would be very interesting to observe the behavior of the 
Congress of the United States--to say ROthing of the public 
in general-if the FAA should suggest a modification of 9 1 . 3  
to read 

"(a) The pilot in command of an aircraft is directly 
responsible for, and is the final authority 
as to, the operation of that aircraft, ex- 
cept when landing under zero-zero minfmms', 
when the final responsibility is that of the 
automatic all-weather landing systemc'' 

21nsert ours. 



S o c i a l  psychological  a spec t s  are of  t w o  kinds.  The f i r s t  
of t h e s e  i s  t h e  expec ta t ion  which p i l o t s  have concerning t h e i r  
role i n  landing  t h e  a i r c r a f t ,  i n  r e l a t i o n  t o  t h e i r  l e g a l  res- 
p o n s i b i l i t i e s .  P i l o t s  are--and w i l l  i n  t h e  future--be c r i t i ca l  
o f ,  w i l l  n o t  accept  and w i l l  n o t  use any kind of a landing  
a i d ,  r e g a r d l e s s  of how good it is ,  i f  t h e  opera t ion  of  t h a t  
a id  makes it impossible for  the  p i l o t  t o  "keep ahead of t h e  
a i rcraf t ,"  o r  i f  t h e  ope ra t ion  o f  t h a t  a i d  tends  to  put  t h e  
a i r c r a f t  i n  an unusual a t t i t u d e  during t h e  landing phase of 
f l i g h t  (18)  

The second a spec t  f o r  cons idera t ion  is  as regards t he  
a t t i t u d e  of t h e  p u b l i c  toward t h e  de l ega t ion  of r e s p o n s i b i l i t y  
for  landing t h e  a i r c r a f t .  L i t t l e  or no information is a v a i l -  
able a t  p r e s e n t ,  b u t  it would be w i s e  t o  determine pub l i c  
acceptance a t t i t u d e s  e a r l y  i n  t h e  game. 

Man-Machine I n t e r f a c e  

A seventh and f i n a l  factor is t h a t  of a r ea l i s t i c  a t t i t u d e  
toward t h e  man-machine i n t e r f a c e  as regards landing  i n  zero- 
zero weather.  There is  always some f i n i t e  p r o b a b i l i t y ,  no 
matter how small, t h a t  automatic equipment w i l l  f a i l ,  Thus, 
t h e  p i l o t  w i l l  always be there, i f  only t o  back-up an auto- 
matic system. Now, t h e  na tu re  of  t h e  landing t a s k  r e q u i r e s  
t h a t  t h e  p i l o t  have c e r t a i n  information d isp layed  t o  him, i f  
he is  t o  adequately back-up an  automatic system, Furthermore, 
t h e  p i l o t  cannot,  i f  he i s  t o  o b t a i n  t h i s  information p l ay  
t h e  r o l e  of  a pass ive  monitor of  the automatic system. I f  
he does he w i l l  n o t  acqu i r e  t h e  information he needs. The  
reason is  t h a t  n o t  a l l  of  t h e  information can be imparted 
v i a  a s i n g l e  information channel.  I n  landing an a i r c r a f t ,  
r e g a r d l e s s  of  ex t ra -cockpi t  v i s i b i l i t y ,  t h e  p i l o t  uses and 
needs v i s u a l ,  k i n e s t h e t i c  and motion cues.  Thus, w e  use 
t h e  term d i s p l a y  i n  a much broader s e n s e  than  it is  conven- 
t i o n a l l y  used,, i .e . ,  v i s u a l  d i sp l ay .  Fu r the r ,  i n  u t i l i z i n g  
t h e s e  k inds  of information t h e  p i l o t  i s  n o t  concerned a lone  
with what t h e  a i r c r a f t  i s  doing, H e  uses  t h i s  information 
along with a knowledge of t h e  a i r c r a f t  handl ing characteristics 
t o  i n f e r  what t h e  a i rcraf t  w i l l  __I do i n  t h e  immediate f u t u r e ,  H e  
behaves i n  such a way as t o  s t a y  ahead of  t h e  a i rcraf t .  Thus, 
even i f  t h e  automatic rou te  should be adopted, t h e  poss ib i -  
l i t y  of e l e c t r o n i c  f a i l u r e  is  such t h a t  an adequate man- 
ch ine  i n t e r f a c e  w i l l  r e q u i r e  an information d i sp lay  which 
provides  v i s u a l ,  k i n e s t h e t i c  and motion cues which afford a 
p r e s e n t  denota t ion  and an i n t e n t i o n  f o r  t h e  immediate f u t u r e .  
Without such, t h e  p i l o t  cannot s t a y  ahead of  t h e  a i rcraf t .  



It  is  t h u s  seen t h a t  t h e  p re sen t  r e p o r t  is devoted t o  a 
s m a l l ,  a l be i t  important ,  p a r t  o f  t h e  reduced v i s i b i l i t y  landing 
problem. It is concerned w i t h  the  v i s u a l  d i sp l ay  of in fo r -  
mation t o  f ac i l i t a t e  t h e  t a s k  of landing under these condi t ions.  
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THE LANDING TASK 

In t roduct ion  

The problem is t o  develop a d i sp lay  which w i l l  assist t h e  
p i l o t  t o  make a safe landing i n  reduced weather minima. For 
Visual F l i g h t  Rule (VFR) condi t ions  t h i s  inc ludes  s e l e c t i o n  of 
the  p o i n t  t o  begin t h e  f i n a l  approach; f l y i n g  t h e  f i n a l  approach 
l e g  toward a selected aiming p o i n t ,  avoiding over- or  under- 
shoot ing;  i n i t i a t i o n  of f lare;  guiding t h e  a i r c r a f t  through 
touchdown and r o l l - o u t ,  For Instrument F l i g h t  Rule ( I F R )  
condi t ions ,  e x a c t l y  t he  same t h i n g s  must be accomplished, 
However, t h e  cues for  i n i t i a t i n g  the  var ious phases of the  
landing and t h e  procedures for  conducting each phase are 
based on o t h e r  information inpu t s .  

Under p re sen t  I F R  techniques and procedures,  fnformatfon 
concerning a i r c r a f t  p o s i t i o n  and a t t i t u d e  r e l a t i v e  t o  t h e  op- 
t i m a l  l anding  p r o f i l e  i s  presented v i s u a l l y  on instruments .  
The p i l o t  f l i e s  t h e  instruments  u n t i l  t h e  a i rcraf t  breaks o u t  
of  t h e  overcas t .  From t h i s  p o i n t  on he i s  expected t o  com- 
p l e t e  t h e  landing under con tac t  condi t ions ,  The t r a n s i t i o n  
f r o m  instrument  t o  con tac t  f l y i n g  r equ i r e s  some f i n i t e  length  
of t i m e .  

The problem then  i s  t o  analyze t h e  t a s k  which t h e  p i l o t  
must perform under VFR condi t ions ,  determine what can be done 
t o  enhance t h e  performance of t h i s  t a s k  and then  t o  develop a 
set of d i s p l a y  concepts which w i l l  provide t h e  necessary in- 
formation, The d i s p l a y  concept should allow t h e  r e t e n t i o n  
of as much of t h e  VFR t a s k  during I F R  condi t ions  as is  poss i -  
ble.  T h i s  l a t t e r  requirement de r ives  from p r i n c i p l e s  of 
t r a n s f e r  of  t r a i n i n g ,  3 

3Transfer of t r a i n i n g  (17)  refers t o  t h e  i n h i b i t o r y  o r  f a c f l f -  
t a t i n g  effects of the  performance of one t a s k  on t h e  perfor-  
mance of a second task., Transfer  of t r a i n i n g  may be negat ive  
or  p o s i t i v e .  I f  t he  performance of the  one t a s k  i n h i b i t s  
t h e  performance of t h e  second, t h e  t r a n s f e r  i s  negat ive ,  I f  
performance of t h e  one t a s k  facil i tates performance of t h e  
second, t h e  t r a n s f e r  is  p o s i t i v e .  In  t h e  given s i t u a t i o n ,  
it is desirable t o  make the  landing performance as much a l i k e  
i n  I F R  and VFR condi t ions  a s  i s  poss ib le .  Then the  t r a n s f e r  
f r o m  t he  VFR t o  I F R  landings w i l l  t end  t o  be p o s i t i v e .  
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The WFR Landing Operation 

The l and ing  ope ra t ion  can be described i n  t w o  ways: 
What t h e  a i r c r a f t  does and how t h e  p i l o t  accomplishes t h i s .  
S ince  t h e  former is t h e  easierl w e  w i l l  s t a r t  wi th  t h a t .  For 
purposes of t h e  p r e s e n t  d i s c u s s i o n ,  w e  w i l l  assume W R  condi- 
t i o n s  i n  t h e  daytime, a s t r a i g h t - i n  approach wi th  no adverse 
winds 

Figure l shows a t y p i c a l  landing  
ons i s t s  of fou r  phases:  

1. Letdown 

2. I n i t i a l  Approach 

3 .  F i n a l  Approach 

4 ,  Flare, Touchdown and Roll-out 

Letdown 

The p i l o t  i n i t i a t e s  t h e  letdown phase a f t e r  reaching some 
predes igna ted  p o i n t  on  c r u i s e .  T h i s  p o i n t  may be a r a d i o  bea- 
con, a town or o t h e r  ground p o i n t ,  o r  a Distance Measuring 
Equipment (DME) d i s t a n c e  from t h e  a i r p o r t  rumway. The pur- 
pose o f  t h e  letdown phase i s  t o  descend from c u i s e  a l t i t u d e  
t o  an a p p r o p r i a t e  approach a l t i t u d e .  

A f t e r  t h e  approach a l t i t u d e  is achieved t h e  a i r c r a f t  is 
i n  t he  i n i t i a l  approach, During t h e  i n i t i a l .  approach phase 
t h e  a i r c r a f t  is slowed and t h e  p i l o t  w i l l  make such banking 
t u r n s  as are necessary  t o  l i n e  up wi th  t h e  runway center l i n e ,  
The i n i t i a l  approach phase ends when t h e  a i rcraf t  reaches t h e  
p o i n t  a t  which t h e  f i n a l  approach l e g  must begin ,  

The f i n a l  approach l e g  b r i n g s  t h e  a i r c r a f t  down toward 
t h e  aiming p o i n t  o f  t h e  runway a t  an angle  which may be d ic-  
t a t e d  by t h e  f l i g h t  dynamics of t h e  a i r c r a f t  o r  by ground- 
based l and ing  a i d s .  The s e l e c t i o n  of  the  proper  p o i n t  f o r  
i n i t i a t i n g  t h e  f i n a l  approach and d e t e c t i o n  of p i t c h  and 
l a t e r a l  d e v i a t i o n s  from the  proper  approach pa th  are most 
important  tasks. Maintenance of t h e  approach pa th  is  impor- 
t a n t  i f  t h e  a i rc raf t  is t o  land  s a f e l y o  The f i n a l  approach 
phase ends wi th  t h e  a i rcraf t  approaching runway th re sho ld ,  
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l i n e d  up wi th  t h e  c e n t e r  l i n e  of the  runway a t  an  appropr ia te  
a l t i t u d e  t o  i n i t i a t e  f l a r e - - i f  a f l a r e  is used depends upon 
t h e  type of a i r c r a f t ,  rate of  descent  and a i r speed ,  

Flare, Touchdown and Roll-out 

The purpose o f  t h e  f lare maneuver is  t o  s l o w  t h e  ra te  of 
descent  of t h e  a i r c r a f t ,  t o  reduce the  forward speed of t h e  
a i r c r a f . t . a n d . t o  change t h e  a t t i t u d e  of t h e  a i rc raf t  so t h a t  
it can be landed a t  t h e  appropr i a t e  po in t ,  Impact onto t h e  
runway is called-touchdown, Theore t i ca l ly  t h e  a i r p l a n e  ceases  
t o  f l y  a t  t h e  moment of touchdown. However, t h e  f l i g h t  does 
n o t  end he re  and n e i t h e r  do t h e  p i l o t ' s  t a s k s .  A f t e r  touch- 
down comes. the. . rol l -out .  When t h e  a i r p l a n e  ceases t o  f l y ,  
d i r e c t i o n a l - c o n t r o l  is a t  best marginal.  Maintenance of the  
a i rcraf t  d i r e c t i o n  i n  a s t r a i g h t  l i n e  down t h e  c e n t e r  of t h e  
runway is very . impor tan td  Fur the r ,  t h e  heav ie r  t h e  a i r c r a f t  
and t h e  f a s t e r - i t  l ands ,  t h e  more d i f f i c u l t  t h e  problem, 
When t h e  a i r c r a f t  has  slowed t o  t h e  p o i n t  where t h e  p i l o t  can 
maintain c o n t r o l  and steer it w i t h  t h e  f r o n t  wheel, t h e  f l i g h t  
is  ended, 

The P i l o t i n g  Task.- L e t  us  now consider how t h e  p i l o t  
accomplishes t h e s e  t a s k s ,  For t h i s  d i scuss ion ,  w e  w i l l  devote 
ou r  a t t e n t i o n  t o  t h e  f i n a l  approach and subsequent phases of 
t h e  landing  maneuver. See Figure 2, The letdown and t h e  
i n i t i a l  approach phases may be-accomplished by manipulation 
o f  a i r c r a f t  a t t i t u d e  and power, with re ference  t o  ind ica t ed  
a i r speed ,  v e r t i c a l  v e l o c i t y  and a l t i t u d e .  During these phases 
t h e  a i rc raf t  must be trimmed t o  maintain r o l l  and yaw a t t i t u d e s  
f o r  t h e  landing p r o f i l e .  

These a r e  fou r  p r e r e q u i s i t e s  f o r  t h e  f i n a l  approach: 

1. Appropriate angle  of a t t a c k ,  and t h r o t t l e  s e t t i n g ;  

2 .  Appropriate a l t i t u d e ;  

3 .  S t r a i g h t  and l e v e l  f l i g h t ;  

4 .  Lined up wi th  runway c e n t e r  l i n e .  

Given these fou r  cond i t ions ,  t h e  i n i t i a l  t a s k  of t he  p i l o t  is 
t o  select t h e  p o i n t  t o  begin t h e  descent  toward t h e  runway 
aiming p o i n t ,  
t he  rate o f  descent u n t i l  it is  appropr i a t e  for  t h e  given sft-  
uat ion.  F i n a l l y ,  he must maintain t h i s  rate of descent  u n t i l  
he reaches t h e  p o i n t  t o  begin t h e  f l a r e .  

Once he  has  begun t h i s  descent  he must a d j u s t  
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The above d e s c r i p t i o n  sugges ts  t h a t  t h e r e  are three 
s e p a r a t e  d i s t a n c e  judgments which f ace  t h e  p i l o t , '  The 
first of  t h e s e  i s  t h e  d i s t a n c e  from runway th re sho ld  t o  
i n i t i a t e  t h e  f i n a l  approach. It is  desirable t o  i n i t i a t e  
t h e  P ina l  approach a't-a p o i n t  i n  t i m e  such t h a t  t h e  normal 
g l ide  pa th  for  t h a t  a i r c r a f t  w i l l  b r i n g  the  a i r c r a f t  across 
t h e  runway th re sho ld  a t  t h e  t i m e  t h a t  f l a r e  a l t i t u d e  is 
reaohed e 

* The second d i s t a n c e  judgment is  the  basis f o r  t h e  ques- 
t i o n  "Am I going t o  make t h e  runway?" T h i s  ques t ion  may be 
answered i n  terms of d i s t ance  t o  runway, a l t i t u d e  and s ink  
rate a n d . t h e  p o i n t  on t h e  runway a t  which t h e  a i rc raf t  would 
impact i f  t h e  given g l i d e  pa th  were maintained. 

The t h i r d  d i s t a n c e  judgment i s  t h a t  of  determining t h e  
d i s t a n c e  above t h e  runway f o r  i n i t i a t i o n  of t h e  f lare  maneuver., 

Given t h e  above information about t h e  na tu re  of t h e  t a s k  
which t h e  p i l o t  must perform dur ing  t h e  f i n a l  approach phase 
of t h e  landing  maneuver, w e  may ask what cues t h e  p i l o t  has  
t o  a id  him i n  making these d i s t a n c e  judgments? 

F i n a l  Approach 

There are three cues which the  p i l o t  may use t o  decide 
when t h e  a i r c r a f t  i s  t h e  proper dis tance from t h e  runway t o  
i n i t i a t e  t h e  f i n a l  approach. L i s t e d  i n  order of  value t o  
t h e  p i l o t  t h e s e  are: 

A e r i a l  perspect ive-- the change i n  color of d i s t a n t  objects 
coupled with t h e  loss  o f  sharp  o u t l i n e  and d e t a i l  ( 1 2 1 ,  e.g. ,  
t h e  haz iness  of more d i s t a n t  objects,  can be used as a basis 
f o r  l ea rn ing  how f a r  away an object i s  from t h e  observer .  

Angular d i s t a n c e  from t h e  horizon t o  t h e  aiming po in t  on 
t h e  runway ( 1 4 ,  15 ) - - th i s  d i s t a n c e  w i l l  remain cons tan t  as long 
as t h e  g l i d e  s lope  remains cons tan t .  There are t w o  problems: 
one i s  t o  determine t h e  a c t u a l  aiming p o i n t  of t h e  a i r c r a f t  
and t o  b r i n g  t h i s  i n t o  coincidence with t h e  runway threshold ;  
t h e  second is t o  maintain t h e  coincidence of t h e s e  t w o  po in t s ,  

Relative s ize-- the more d i s t a n t  a known object, t h e  
smaller it seems ( 1 2 ) .  Since t h e  s i z e  of t h e  runway i s  

4The reader w i l l  recognize t h a t  t he  p i l o t  must make ,more than  
t h r e e  judgments i n  f l y i n g  t h e  f i n d 1  apprdach., W e  a r e  here  
d iscuss ing  only  distance judgments, 
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known, t h e  reduced apparent  s i z e  is  i n t e r p r e t e d  a s  d i s t ance ,  
The problem i s  t o  l e a r n  the -appxopr i a t e  apparent  s i z e  which 
s i g n a l s  t h e  p o i n t  a t  which t o  i n i t i a t e  t h e  f i n a l  approach., 

To Make The Runway 

With r e spec t  t o  t h e  second d i s t a n c e  judgment, f e e o ,  
making t h e  runway, t h e r e  are four  cues ,  l i s t e d  i n  o r d e r  of 
value t o  t h e  p i l o t :  

Angular d i s t a n c e  between t h e  horizon and t h e  aiming p o i n t  
--is dependent upon t h e  f a c t  t h a t  t h e  horizon,  due t o  i t s  
apparent  placement a t  i n f i n i t y ,  seems t o  be always t h e  s a m e  
d i s t ance  away ( 1 4 ,  15 ) .  Thus, t h e  angular  d i s t a n c e  between 
t h e  aiming p o i n t  and t h e  horizon w i l l  remain cons tan t  so long 
a s  t h e  g l i d e  angle  remains cons t an t ,  I f  t h e  angular  d i s t a n c e  
between t h e  s e l e c t e d  aiming p o i n t  and t h e  horizon appears t o  
inc rease ,  then t h e  a i rc raf t  w i l l  overshoot t h e  s e l e c t e d  a i m -  
i n g  poin t .  I n  t h i s  case ,  t h e  a c t u a l  aiming p o i n t  is f u r t h e r  
down t h e  runway than  t h e  s e l e c t e d  aiming po in t .  Conversely, 
i f  t h e  angular  d i s t ance  between t h e  s e l e c t e d  aiming p o i n t  
and t h e  horizon appears t o  decrease,  t h e  a c t u a l  aiming 
po in t  is s h o r t  of t h e  s e l e c t e d  aiming p o i n t  and t h e  a i r c r a f t  
w i l l  undershoot. As t h e  a i r c r a f t  comes closer t o  t h e  runway, 
t h i s  judgment i s  enhanced by t h e  behavior of  o b j e c t s  i n  t h e  
v i s u a l  f i e l d  (15) .  As an example, i f  one w e r e  landing over  
trees and t h e  trees seemed t o  move up toward t h e  runway 
th re sho ld ,  then  t h e  a i r c r a f t  would n o t  clear t h e  trees. 

Motion perspect ive-- the re la t ive  apparent  motion of ob- 
jects as t h e  observer  moves, e . g d ,  t h e  apparent  movement of 
hangers and o t h e r  bu i ld ings  toward t h e  observer  as t h e  a i r -  
c r a f t  approaches t h e  runway ( 1 2 ) .  This  cue can be used as a 
b a s i s  f o r  l ea rn ing  how f a r  away an o b j e c t  is from t h e  ob- 
s e r v e r -  This cue is used i n  conjunct ion wi th  perceived rate 
of s ink  t o  estimate t h e  p o i n t  a t  which t h e  a i r c r a f t  would i m -  
p a c t ,  i f  t h e  given approach pa th  w e r e  maintained. 

Runway perspec t ive- - i s  t h e  apparent  shape o r  perspec t ive  
of  t h e  runway (14,1510 The p i l o t  must l e a r n  t h e  appropr ia te  
shape o f  t h e  runway which i n d i c a t e s  an appropr i a t e  approach 
path., Then on a given approach, i f  t h e  runway shape appears 
long and narrow t h e  p i l o t  would know t h a t  t h e  a i r c r a f t  would 
overshoot t h e  runway. However, due t o  t h e  f a c t  t h a t  runways 
d i f f e r  i n  l eng th  t h i s  cue is n o t  as valuable  i f  one i s  land- 
ing  away from home. I n  f a c t ,  t h e  ope ra t ion  of t h i s  cue can 
have a de t r imen ta l  effect i f  one is  landing  a t  a s t r a n g e  a i r -  
p o r t .  As one has  more t i m e  i n  t h e  a i r  one gradual ly  incor-  
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pora t e s  t h e  e f f e c t s  of t h i s  cue i n t o  o n e ' s - e x p e r i e n t i a l  frame 
of reference.  

S t a t i o n a r y  aiming p o i n t ,  t h e  p o i n t  a t  which t h e  a i r c r a f t  
is  a c t u a l l y  aiming i s . s a i d  t o  be perceived as s t a t i o n a r y .  
Po in t s  above t h e  aiming p o i n t  w i l l  appear .to move away from 
t h e  a i r c r a f t .  Po in t s  below t h e  aiming p o i n t  w i l l  appear 
t o  move toward and under . the  a i r c r a f t ,  See Figure 3 ,  A 
d e s c r i p t i o n  a f  t h i s  cue ( 1 4 )  fol lows:  

" I f  an  observer  i s  i n  motion i n  a s t r a i g h t  l i n e  
towards a p o i n t  i n  a p a t t e r n ,  t h a t  p o i n t  w i l l  
appear t o  him t o  be s t a t i o n a r y  i n  t h e  p a t t e r n ,  
and t h e  p o i n t s  surrounding it w i l l  appear t o  
move r a d i a l l y  away from it." 

Gibson ( 1 2 )  states t h a t  non-p i lo ts ,  when shown a motion pic-  
t u r e  of t h e  appearance of t h e  ground from an approaching a i r -  
p lane ,  r e g u l a r l y  enjoy a "compelling experience of moving 
through space i n  a s p e c i f i c  d i r e c t i o n  toward t h e  ground. The 
angle  of t h i s  movement and i t s  p o i n t  of aim can be judged by 
a l l , "  Havron has  attempted t o  quan t i fy  t h e  opera t ion  of  t h i s  
cue (13 ) .  

The re  i s  another  cue which is valuable  only a t  n igh t  and 
then on a l i g h t e d  f i e l d .  T h i s  w i l l  be mentioned i n  passing,  
b u t  w i l l  be of no value f o r  our  p re sen t  purposes,  I f  one looks 
a t  t h e  gap between t h e  f i r s t  and second runway l i g h t s ,  t h e  gap 
t ends  t o  remain cons t an t  i f  t h e  a i r c r a f t  maintains  t h e  c o r r e c t  
g l i d e  path.  The gap appears t o  inc rease  i f  t h e  a i r c r a f t  is  
overshooting t h e  aiming p o i n t ,  and t o  decrease i f  undershooting, 
An a l t e r n a t i v e  way of  descr ib ing  t h i s  cue i s  t o  d i r e c t  t h e  
p i l o t ' s  a t t e n t i o n  t o  t h e  t r apezo id  formed by t h e  f i r s t  t w o  
p a i r s  of  runway l i g h t s .  I f  t h i s  t rapezoid  appears t o  th icken ,  
t h e  a i r c r a f t  w i l l  overshoot.  I f  i t s  th ickness  remains con- 
s t a n t  t h e  a i r c r a f t  i s  on t h e  c o r r e c t  g l i d e  path.  If it  appears 
t o  g e t  t h i n n e r ,  t h e  a i r c r a f t  w i l l  undershoot ( 1 4 ) .  

The p i l o t  uses these  cues t o  p r o j e c t  impact po in t  of t h e  
a i r c r a f t  with r e spec t  t o  t h e  s e l e c t e d  runway aiming po in t ,  
The d i f f e r e n c e  between t h e  intended aiming po in t  and t h e  
p ro jec t ed  impact p o i n t  i s  an i n d i c a t i o n  o f  t h e  error i n  t h e  
a i r c r a f t  approach path.  The p i l o t  a t tempts  t o  f l y  t h e  ap- 
proach pa th  so t h a t  t h e  aiming po in t  and t h e  impact p o i n t  
coincide.  The p i l o t  a t tempts  t o  n u l l  t h e  approach e r r o r .  
I t  i s  thus  seen t h a t  the information a v a i l a b l e  t o  t h e  p i l o t  
during t h e  f i n a l  approach i s  used very much a s  t h e  informa- 
t i o n  i n  a compensatory d i sp lay  ( 1 0 ) .  A compensatory d i s p l a y  
p resen t s  an i n d i c a t i o n  of t h e  e r r o r  i n  t h e  t r ack ing  output .  
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Figure  3 .  The p o i n t  a t  which t h e  a i rcraf t  is a c t u a l l y  
aiming appears  s t a t i o n a r y .  All p o i n t s  around 
t h e  aiming p o i n t  seem t o ' r a d i a t e  o u t  from it. 
(From Gibson, 1 2 )  
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A p u r s u i t  d i s p l a y ,  on t h e  o t h e r  hand, p re sen t s  both t h e  de- 
s i r e d  ou tpu t  and t h e  a c t u a l  output .  T h i s  a n a l y s i s  sugges ts  
t h a t  it might be h e l p f u l  t o  cons t rue  t h e  VFR landing d i sp lay  
as a compensatory d i s p l a y ,  i f  one remembers also t h a t  it is  n o t  
a simple compensatory d i sp lay .  The po in t  i s  to  abstract away 
t h e  b a s i c  compensatory c h a r a c t e r i s t i c  as a h u e r i s t i c  device.  

I n  c h a r a c t e r i z i n g  t h e  VFR l anding  t a s k  as u t i l i z i n g  a 
compensatory d i s p l a y ,  w e  do n o t  w i s h  t o  imply t h a t  such 
a c h a r a c t e r i z a t i o n  exp la ins  a l l  of  t he  problems a s soc ia t ed  
with landing, .The p i l o t s  memory of where he has  been i n  an 
i n p u t  t o  t h e  landing task which i s  n o t  available i n  t h e  labo- 
r a t o r y  s i t u a t i o n ,  Thus, any d i s p l a y  f o r  landing i n  reduced 
v i s i b i l i t y  must p re sen t  more than a simple compensatory d isp lay .  

o f  t h e  loss of a l t i t u d e ,  o r  s ink  r a t e ,  and ground speed. 
The former i s  c o n t r o l l e d  by t h e  use of power and the  l a t t e r  
by a i rc raf t  a t t i t u d e  (angle-of-attack) i n  t he  case  of pro- 
pe l le r -dr iven  a i r c r a f t .  I n  t h e  case of j e t  a i r c r a f t ,  speed 
i s  c o n t r o l l e d  by t h r o t t l e  s e t t i n g .  S i n c e  there i s  no p r o p e l l e r  
wash over  t h e  wings, angle-of-attack i n  conjunct ion w i t h  
t h r o t t l e  s e t t i n g  i s  used t o  c o n t r o l  s i n k  r a t e .  W e  are here 
desc r ib ing  t h e  manner i n  which t h e  p i l o t  f l i e s  t he  a i r c r a f t .  
The appropr i a t e  angle-of-at tack and t h r o t t l e  s e t t i n g  is ,  
of  course,  a func t ion  of  t h e  aerodynamics of t h e  i nd iv idua l  
a i r c r a f t .  F i n a l  approach ends w i t h  t h e  i n i t i a t i o n  of  t h e  
f l a r e  maneuver. 

The r a t e  of procedure down t h e  g l i d e  pa th  is  a func t ion  

F l a r e  

The appropr i a t e  a l t i t u d e  t o  begin t h e  f l a r e ,  if one is 
r equ i r ed ,  i s  l i kewise  a func t ion  of t he  ind iv idua l  a i r c r a f t .  - 

To judge t h e  p o i n t  a t  which t o  i n i t i a t e  t h e  f l a r e  maneuver 
t h e  p i l o t  must consider :  

1. runway alignment;  

2.  p i t c h  a t t i t u d e ;  

3 .  h e i g h t  above runway; 

4 .  d i s t a n c e  t o  threshold .  

Runway alignment i s  assisted by t h e  ex i s t ence  of t h e  runway 
c e n t e r  l i n e .  P i t c h  a t t i t u d e  can be es t imated  by angular  
d i s t a n c e  from t h e  horizon. Distance t o  th re sho ld  w a s  con- 
s i d e r e d  above. Height above t h e  runway is  a problem i n  v i s u a l  
judgment of d i s t ance .  I f  a l l  of  these f a c t o r s  a r e  n o t  r i g h t  
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the  a i rcraf t  may n o t  be flared. T h e  a i rcraf t  must go around. 
W e  w i l l  cons ider  three cues for d i s t ance  judgment a s  valuable  
t o  the p i l o t  t o  judge f lare height .  

Head Movement P a r a l l a x  or  motion para l lax- - i s  based on 
the  d i f f e r e n t  views o f  t h e  runway which one o b t a i n s  when one 
scans back and f o r t h  ahead of  t h e  speed b l u r  ( 1 2 ) .  U s e  of 
t h i s  cue i s  t h e  reason t h a t  t h e  s tuden t  p i l o t  is i n s t r u c t e d  
t o  scan back and f o r t h  i n  the area about 20  feet ahead of 
t h e  speed b l u r ,  The scanning he lps  provide more and d i f f e r -  
e n t  d a t a  f o r . t h e  judgment through t h e - c u e  of head movement 
p a r a l l a x  (motion p a r a l l a x )  . 

Motion perspect ive-- the g r a d i e n t  i n  motion i n  a d i r e c t i o n  
as t h e  a i rc raf t  approaches the  runway ( 1 2 ) .  See Figure 4 ,  
A s  t he  a i rc raf t  approaches t h e  runway o b j e c t s  seem t o  pass  
beneath it a t  greater and greater speeds.  The problem is  
t h a t  t h ings  begin t o  b l u r  i f  t h e  a i r c r a f t  l ands  very f a s t .  
T h i s  cue i s  most u se fu l  f o r  p i l o t s  ope ra t ing  slower landing 
a i r c r a f t .  

Density g rad ien t  i n  t h e  t e x t u r e  of t he  runway and i t s  
surrounds (12). A s  t he  a i r c r a f t  comes closer t o  t h e  ground, 
t h e  g r a d i e n t  becomes much s t e e p e r .  The increase i n  dens i ty  
gene ra l ly  runs upward i n  t h e  v i s u a l  f i e l d .  The problem f o r  
t h e  p i l o t  i s  t o  learn t h e  appearance of t h i s  g r a d i e n t  a t  the  
appropr i a t e  t i m e  t o  begin t h e  f lare.  

Addit ional  cues which t h e  p i l o t  has t o  assist i n  judging 
t h e  appropr i a t e  d i s t a n c e  from t h e  runway f o r  f lare  are t h e  
s i z e s  of  familiar o b j e c t s  and t h e  c l a r i t y  of t h e i r  d e t a i l .  

Information Requirements For Landing 

A s  t h e  a i r c r a f t  comes closer t o  t h e  p o i n t  of a c t u a l  
touchdown, small changes i n  a t t i t u d e  i n  any plane become more 
important.  Thus, it becomes inc reas ing ly  important for  t h e  
p i l o t  t o  e x e r c i s e  more compete c o n t r o l  of t h e  a i r c r a f t  t h e  
f u r t h e r  along on t h e  landing  maneuver. As a i r c r a f t  become 
l a r g e r  and c r u i s e  a t  g r e a t e r  speeds,  t he i r  handl ing q u a l i t i e s  
a t  t h e  r e l a t i v e l y  slow landing speeds become poorer,  T h i s  
means t h a t  t he  l a t i t u d e  f o r  error c o r r e c t i o n  becomes smaller. 
The p r e c i s i o n  with which t h e  landing  maneuver must be per- 
formed becomes more important.  

I t  should be recognized t h a t  t h e  above d iscuss ion  has  
assumed an a i r c r a f t  l anding  i n  a calm wind. While t h i s  may 
be t h e  case e a r l y  i n  t h e  morning, most a i r c r a f t  landings are 
made i n  some degree of crosswind. The a i rc raf t  i n  f l i g h t  is 
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Figure 4 .  Motion perspec t ive  of t h e  f i e l d  on a 
clear day (above) and w i t h  an ave rcas t  
(below). (From Gibson, 1 2 )  
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a part of the air massc The aircraft does not fly through 
the air, it flies in the air. NormafLy the pilot of an air- 
craft crabs (turns) into the wind to maintain a desired 
course (ground track), ..Thus the heading of the aircraft may 
not be identifical. to. t h e  .course it flies, 

Similarly, the.air mass in which the.aircraft flies is not 
static, It is.dynamic, continually moving and changing. This 
is particularly so near.the ground. Thus the pilot may have 
not only to land in a crosswind, but in a gusty crosswind, 
The possibility of achieving a landing under such conditions 
depends on the velocity of the gusts. In other situations, 
local terrain features--small mountains, lakes, rivers, plowed 
fields, etc,--may give rise to shear winds at low altitudes. 

From the above, it may be inferred that the pilot needs 
information to : 

1. 

2. 

3.  

4 .  

5. 

6. 

7.  

8. 

9. 

10. 

Assist initiation of the final approach; 

Achieve and maintain the appropriate glide angle; 

Warn of over- or undershooting the aiming point; 

Maintain the appropriate angle of attack; 

Maintain the appropriate sink rate; 

Maintain appropriate roll attitude; 

Maintain an appropriate, course ; 

Indicate the crab angle required to maintain course; 

Assist initiation of the flare maneuver; 

Maintain aircraft heading during roll-out, 

The IFR Landing Operation 

The above discussion assumed VFR flight conditions. The 
same maneuvers must be accomplished for an IFR landing. The 
difference is the information which the pilot has available to 
him to accomplish the maneuvers, Figure 6 shows a typical 
instrument landing profile. The letdown and the initial 
approach are the same as under VF'R conditions, with the 
exception that the initial approach may be accomplished with 
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t h e  a s s i s t a n c e  of r ada r  guidance. However, under IFR con- 
d i t i o n s  t h e  p i l o t  must r e l y  on o t h e r  sources  of  information 
for :  

1, I n i t i a t i o n  of t h e  f i n a l  approach; 

2.  Accomplishing t h e  f i n a l  approach; 

3 .  I n i t i a t i o n  of  t h e  f l a r e  maneuver; 

4 .  Completing t h e  touchdown and r o l l - o u t ,  

Thus it is  seen t h a t  t h e  t a s k  o f  t h e  p i l o t  does n o t  change 
during t h e  I F R  landing,  a p a r t  from t h e  demands made on him 
by ins t rumenta t ion  and by t h e  IFR approach p a t t e r n  p e c u l i a r  
t o  t h e  a i r p o r t  of i n t e n t .  

t h e  p i l o t  cannot use t h e  usua l  v i s u a l  cueso  T h i s  condi t ion  
p laces  considerable  stress on t h e  p i l o t  which tends  t o  make 
t h e  task more d i f f i c u l t .  The IFR landing i s  f u r t h e r  complicated 
by t h e  fact  t h a t  c e r t a i n  a spec t s  of t he  task ,  which are accom- 
p l i shed  e a r l y  i n  t h e  VFR landing,  are s h i f t e d  t o  t h e  end of the  
f i n a l  approach. These are checks and adjustments of p i t c h  
a t t i t u d e ,  bank a t t i t u d e  and runway alignment.  These checks 
and adjustments c o n t r i b u t e  t o  t h e  t r a n s i t i o n  per iod.  

The IFR l anding  i s  more complicated due t o  t h e  f a c t  t h a t  

Nature O f  The Landing Task 

From t h e  a n a l y s i s  presented on pages 1 9  and 1 8 ,  f l y i n g  
t h e  f i n a l  approach may be  construed a s  a t r a c k i n g  t a s k  i n  
which t h e  p i l o t  is  t r ack ing  a ramp inpu t  w i t h  t h e  a i d  of a 
compensatory type d isp lay .  The approach pa th  which t h e  
p i l o t  wishes t o  f l y  is t h e  ramp. See Figure 2, The t r a c k i n g  
t a s k  i s  complicated by t h e  f a c t  t h a t  t he  p i l o t  must c o n t r o l  
t he  a i r c r a f t  i n  three dimensions and he must i n f e r  t h e  e r r o r  
i n  t h e  p re sen t  p o s i t i o n  of t h e  a i r c r a f t  from a p ro jec t ion  of  
t h e  f u t u r e  p o s i t i o n  o f  t h e  a i r c r a f t .  This  l a t t e r  has impor- 
t a n t  impl ica t ions  fo r  understanding t h e  pe r iod  of t r a n s i t i o n  
from instrument  t o  con tac t  f l y i n g ,  

Laboratory s t u d i e s  of compensatory t r ack ing  tasks pro- 
v ide  t h e  following gene ra l i za t ions :  

1. Performance of a compensatory t r ack ing  t a s k  i s  
aided by inc luding  t h e  first and second de r i -  
v a t i v e s  of  t h e  e r r o r  ( r a t e  and a c c e l e r a t i o n  of 
error, r e spec t ive ly )  i n  t h e  inpu t  t o  t h e  subject, 
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2. 

3 .  

4 .  

5. 

I n  

i.e., t h e  p i l o t ’ s  a b i l i t y  t o  c o n t r o l  t h e  a i r c ra f t  
on t h e  des i red .g l i .de  pa th  (79 .  

When t h e  c o n t r o l  i s  unaided i n  r e l a t i o n  t o  t h e  d i s -  
p l ay  compensatory t r a c k i n g  i s  s u p e r i o r  t o  p u r s u i t  
t r a c k i n g  wi th  a simple i n p u t  ( 9 ) .  

With a shallow ramp i n p u t ,  as i n  t h e  p r e s e n t  
case, t h e r e  i s  a tendency f o r  t h e  ope ra to r  t o  l ead  
t h e  i n p u t ,  i .e . ,  i n  t h e  p r e s e n t  case, t o  overshoot  (69. 

When t h e  d e s i r e d  ou tpu t  i s  t i m e  i n v a r i e n t ,  as i s  
t h e  p r e s e n t  case, t h e  compensatory t r a c k i n g  t a sk  i s  
equa l ly  as e f f i c i e n t  as t h e  p u r s u i t  t r a c k i n g  t a s k  ( 6 , 9 ) .  

A compensatory i n d i c a t o r  can g i v e  a more p r e c i s e  pic-  
t u r e  of t h e  s i t u a t i o n  through t h e  u t i l i z a t i o n  o f  
high d i s p l a y  ga in  ( 4 )  

view o f  t h e  p r e s e n t  a n a l y s i s  of  f l y i n g  t h e  f i n a l  ap- 
proach as a t r a c k i n g  t a s k  u t i l i z i n g  a compensatory d i s p l a y ,  
cons ide ra t ions  of  t h e  p o s s i b i l i t y  of nega t ive  t r a n s f e r  l e a d  
t o  t h e  conclusion t h a t  whatever ins t rumenta t ion  i s  developed 
should p r e s e n t  a compensatory-type d i sp lay .  
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THE ACCEPTANCE STUDY 

The purpose of t h i s  s tudy  w a s  t o  d e t e r n i n e  p i l o t  p re fe r -  
ence for  t h e  d i s p l a y  of  information f o r  landing  i n  reduced v i s i -  
b i l i t y ,  Two types  of information d i s p l a y  were considered:  

1. The s i t u a t i o n  d i s p l a y  which p r e s e n t s  an i n t e g r a t e d  
complex o f - i n f o r m a t i o n ;  

2. The d i s p l a y  of  i n d i v i d u a l  i t e m s  of information,  
e . g a ,  s i n k  rate.  

Method 

The method used w a s  t h e  technique of p a i r e d  comparisons. 
Representa t ive  d i s p l a y s  of both types - - s i tua t ion  and i n d i v i d u a l  
displays--were s e l e c t e d .  These were arranged i n  p a i r s  by 
d i s p l a y  type.  The s u b j e c t s  w e r e  p resented  with each p a i r  of 
d i s p l a y s  and asked t o  express  a preference  for one of t h e  p a i r ,  
A f t e r  t h e  preference  w a s  s t a t e d  t h e  s u b j e c t  w a s  asked t h e  rea- 
son f o r  t h e  preference ,  A no-preference response w a s  con- 
s i d e r e d  a l e g i t i m a t e  response.  

A f t e r  a l l  p a i r s  of  d i s p l a y s  had been exhausted t h e  sub- 
jects w e r e  asked t w o  ques t ions .des igned  t o  e l i c i t  information 
about t h e  cues  they  used t o  l and  t h e  a i r c ra f t  i n  VFR and i n  
IFR cond i t ions .  F i n a l l y ,  t h r e e  ques t ions  designed t o  e l i c i t  
information about  r equ i r ed  engine performance d a t a  were asked. 
Appenc3i.x I con ta ins  t h e  data c o l l e c t i o n  s h e e t  and t h e  ques- 
t i o n s .  

Subjects 

The s u b j e c t s  were 30 American A i r l i n e s  l i n e  p i l o t s ,  each 
of whom w e r e  in terviewed s e p a r a t e l y .  American A i r l i n e s  p i l o t s  
were used because they  were n o t  famil iar  wi th  any of  the sit- 
ua t ion  d i s p l a y s  i n  t h e  s tudy.  Thus f a m i l i a r i t y  with a p a r t i -  
c u l a r  s i t u a t i o n  d i s p l a y  could n o t  i n f luence  t h e i r  choice.  
The average age of t h e  p i l o t s  w a s  46 years .  The i r  age range 
w a s  34-58 yea r s .  They had been f l y i n g  for  an average of 26 
yea r s ;  t h e  range w a s  10-38 years .  They had an average of 
1 7 , 5 2 0  hours  i n  t h e  a i r ;  t h e  range w a s  3 ,000-26,800 hours.  
Of t h e  30 p i l o t s  29 w e r e  q u a l i f i e d  i n  j e t  a i r c r a f t .  The 
average number of hours  i n  je ts  and t h e  range w a s ,  respec- 
t i v e l y ,  2 , 4 9 0  hours  and 984-4,140 hours. 
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I n s t r u c t i o n s  T o  Subjec ts  

The following i n s t r u c t i o n s  were given t o  the  subjects: 

"Serendip i ty .  Associates i s  a small human factors 
research  company. W e  do c o n t r a c t  research for 
various.government agencies and f o r  p r i v a t e  cor- 
pora t ions .  W e  have a c o n t r a c t  with NASA t o  design 
a research  program.to develop d i sp lays  for  a l l -  
weather landings.  

One important a spec t  of a d i sp lay  f o r  a l l -weather  
landings i s  t h e  a t t i t u d e  of t h e  p i l o t s  toward t h e  
d i sp lay  and t h e  elements t h a t  make up t h e  d isp lay .  
We w i l l  t h e r e f o r e  be concerned with the  degree 
of acceptance by p i l o t s  of d i f f e r e n t  ways of pre- 
s e n t i n g  da ta ,  

W e  have s e l e c t e d  d i f f e r e n t  examples of each of 
s e v e r a l  types of d isp lays .  These d i sp lays  a r e  
mounted i n  p a i r s  on cards." (The s u b j e c t s  w e r e  
shown a sample ca rd , )  "For each p a i r  w e  would 
l i k e  you t o  i n d i c a t e  t h e  d i sp lay  which you pre- 
fer and t h e  reason f o r  t h e  preference.  I t  i s  
of course poss ib l e  t h a t  there i s  no preference  
between the  i t e m s  of a given p a i r ,  I n  t h a t  
case ,  you should so i n d i c a t e .  

D o  you have any quest ions?" 

S i t u a t i o n  Displays 

Four s i t u a t i o n  d i sp lays  were chosen: 

1. The Co l l in s  329B-7A f l i g h t  d i r e c t o r  d i sp l ay ;  

2, The Spectocom windscreen d i sp lay ;  

3, The type A windscreen d i sp lay  of Baxter and 
Workman ( 2 ) ; 

4 ,  The General Electric CRT d i sp lay ,  

The C o l l i n s  d i sp l ay  (11) w a s  chosen t o  r ep resen t  t h e  
conventional panel  mounted s i t u a t i o n  d isp lay .  I t  is a s tan-  
dard f l y - t o  director d i sp lay  which, it w a s  es t imated (cor- 
r e c t l y ) ,  would be unfami l ia r  t o  the  s u b j e c t s  of t h e  s tudy ,  
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The Spectocom windscreen d i sp lay  ( 2 )  w a s  chosen as one of t w o  
windscreen d i sp lays  because it w a s  rated so l o w  by Baxter 
and Workman. Fur ther ,  it w a s  f e l t  t h a t  it presented a f a i r l y  
c lu t te red-up  appearance. The Type A windscreen d i sp lay  (2 )  
w a s  chosen because it w a s  a s y n t h e s i s  of' the  b e s t  cha rac t e r i s -  
t ics  of s e v e r a l . d f s p l a y s  by Baxter and Workman. F u r t h e r ,  it 
w a s  f e l t  t h a t  it presented a r e l a t i v e l y  clear p i c t u r e  of t h e  
landing s i t u a t i o n ,  T h e  Genera l  Electr ic  Cathode Ray Tube  
d i sp l ay  was presented because it w a s  f e l t  t h a t  a CRT type 
should be included. W e  took t h e  p i c t u r e  which w a s  used ou t  
of t h e  a r t ic le  by Bradbury (5) 

Indiv idua l  Information Displays 

The following ind iv idua l  information d i sp lays  w e r e  se- 
l e c t e d ,  

1. 

2. 

3 .  

4. 

5. 

6. 

A l t i m e t e r s  ( 3 ) ;  conventional 3-pointer ,  w i t h  t h e  
10,000-foot p o i n t e r  modified as a moving index 
and a v e r t i c a l  moving t a p e  with a f ixed  index, 

Airspeed i n d i c a t o r s  ( 3 ) ;  conventional d i a l ,  d i g i t a l  
readout  and a v e r t i c a l  moving t ape  w i t h  a f ixed  index. 

Vertical r a t e  of climb o r  descent  ( 3 ) ;  conventional 
with f i n e  graduat ions ,  conventional with m i n i m u m  
graduat ion and v e r t i c a l  t ape  with a moving index, 

Turn and bank i n d i c a t o r s  ( 2 )  , graduat ion vs.  no 
graduat ions.  

A t t i t u d e  i n d i c a t o r s  Qclfmb-dive and r o l l  ind ica-  
tors) ( 2 9 ;  displacement b a r s  vs ,  hinged p o i n t e r s ,  
both f l y - t o  i n d i c a t o r s .  

Glide s lope  and l o c a l i z e r  i n d i c a t o r s  ( 2 )  ; hinged 
f l y - t o  needles vs.  a c e n t e r  hinged local izer  with 
a displacement bar f o r  g l i d e  s lope .  

Appendix I1 presen t s  t h e  d i sp lays  used. 

R e l i a b i l i t y  And Va l id i ty  

The a l t i m e t e r s ,  a i r speed  and s ink  rate i n d i c a t o r s  were 
chosen t o  assess t h e  r e l i a b i l i t y  and v a l i d i t y  of t h e  r e s u l t s  
of t h e  study. The method of a s ses s ing  v a l i d i t y  w a s  t o  com- 
pare  t h e  preference  f o r  c e r t a i n  d i sp lay  methods w i t h  recom- 



mendations €or these same types  of d i sp l ays  i n  t h e  human 
engineer ing l i t e r a t u r e ,  I f  t h e  preferences  ind ica t ed  by 
the  p i l o t s  co inc ide  w i t h . t h e  human engineer ing recommendations, 
and i f  t h e  p i l o t s .  reasons given fo r  t h e i r  p reference  co inc ide  
w i t h  the human engineer ing l i t e r a t u r e ' s  reasons for  recom- 
mendations, t h e  r e s u l t s  of t h e  s tudy would be assumed t o  have 
been validated. 

Assessment of t h e  r e l i a b i l i t y  ( i n t e r n a l  consis tency)  of 
the  r e s u l t s  of t h e  s tudy  is  afforded by t h e  use of t h e  paired 
comparison technique. On t h e  assum t i o n  t h a t  c o n s i s t e n t  pre- 
fe rences  follow the  t r a n s i t i v e  l a w , g  t h e  preference  choices 
could be used t o  assess consis tency.  With three d i s p l a y s ,  
there are t w o  tests for  Consistency: 

1. xPy and yPz, then  XPZ; 

2 .  XPZ and zPy, then  zPy. 

By success ive  s u b s t i t u t i o n s  of  A ,  B and C f o r  x t  y and z a l l  
possible combinations may be developed. 

The cons is tency  tes t  w a s  app l i ed  a lso t o  test t h e  r e s u l t s  
ob ta ined  w i t h  the  fou r  s i t u a t i o n  d i sp lays .  

Resul t s  

Tables 1 through 1 4  g ive  the  r e s u l t s  of t h e  d i sp lay  pre-  
fe rence  f o r  each of t h e  instrument. types  presented and t h e  
reasons given fo r  each instrument  type  picked. 

Since there were three instrument  types  for a i r speed  
(Table 1) a l t i t u d e  (Table 3)  I and ra te  of climb (Table 5) 
t h e s e  tables show t h e  number of  sub jec t s  who picked each 
of t he  types  over  e i t h e r  of t h e  remaining types .  However 
t h e  a c t u a l  preference  for  each s u b j e c t  w a s  determined by 
t h e  instrument  d i s p l a y  he picked over  both _llD of the  o t h e r  
t w o  d i sp l ays .  For example, i f  s u b j e c t  number I p icks  A 
over B ,  B over  C ,  and A over  C ,  h i s  preference  was A s i n c e  
it w a s  picked over  both B and over C. T h i s  same method was 
used for  t h e  sco r ing  of  t h e  s i t u a t i o n  d i sp lays  (Table 13) 
except  t h a t  there w e r e  fou r  types  and the type  p r e f e r r e d  
must have been picked over  a l l  three of t h e  others, I n  
cases where t h e  subject  had a "no preference" choice t h e  
subject's preferences  were analyzed for  cons is tency  and a 

51n the  p resen t  con tex t  t h e  t r a n s i t i v e  l a w  would read "If  A i s  
p r e f e r r e d  t o  B and I3 is  p r e f e r r e d  t o  C, then  A is preferred t o  
C ,  
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pre fe rence  w a s  ass igned  l o g i c a l l y .  

Table 1 shows t h e  r e s u l t s  of t h e  comparisons of  t h e  a f r -  
speed p r e s e n t a t i o n s  and Table 2 g i v e s  t h e  reasons f o r  t h e i r  
p re fe rences .  The convent iona l  clock-type in s t rumen t  w a s  t h e  
f i r s t  p re fe rence  of t h e  p i l o t s ,  X 2  = 7.,52, p<,05,  

Table 1. Preference  s c o r e s  f o r  a i r s p e e d  pre-  
s e n t a t i o n s ,  

Instrument  Type 
F i r s t  T i m e s  Picked Over 

Preference  A E3 e 
A, D i g i t a l  Readout 4 7 8 -- 

1 8  -- B. Conventional clock-type 16" 2 3  

-- C, V e r t i c a l  (moving) Tape 9 16 1l 

No Preference  l 

* 
S i g n i f i c a n t  a t  t h e  .05 l e v e l  of confidence.  

Table 2, Reasons and frequency of reasons for p i l o t  
p re fe rence  of a i r s p e e d  p r e s e n t a t i o n s .  

Reason f o r  Preference  f - 
l S T  CHOICE (convent iona l  clock-type) 

F a m i l i a r i t y  (experience)  1 2  
Read angle  of p o i n t e r  11 

Easier and qu icke r  t o  read  4 

Range 4 

Can see t r e n d  8 

Re la t ionsh ip  t o  other number: 

2ND CHOICE C - ( v e r t i c a l  t ape )  

Can see t r e n d  5 
Easier and qu icke r  reading  4 

61n t h i s  and t h e  fol lowing tables which l i s t  reasons for  
p re fe rence  w e  have chosen t o  p r e s e n t  only those  reasons 
wi th  a frequency g r e a t e r  than  3.  A complete l i s t  of rea- 
sons for  p re fe rence  is  shown i n  Appendix 111. 
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Table 2 (continued) 

3RD CHOICE A ( d i g i t a l  readout) - 
Simple, p r e c i s e  4 

Table 3 p re sen t s  t h e  a l t i m e t r y  preference  sco res  and 
i n d i c a t e s  t h a t  t h e  yellow-line altimeter (B) w a s  t h e  f i r s t  
p reference  of t h e  p i l o t s .  X2 = 1 0 . 6 9 ,  pa.01. Table 4 
l is ts  t h e  reasons f o r  t h e  choices  i n  Table 3, 

Table 3 .  Preference scores f o r  a l t i t u d e  presenta-  
t i o n s .  

Instrument Type 
F i r s t  T i m e s  Picked Over 

Preference A B C 

A .  Vertical Moving Tape 7 8 1 0  -- 

25 -- €3. Yellow-line A l t i m e t e r  184 20  

-- C. Conventional 3-Pointer 5 20 5 

* 
S i g n i f i c a n t  a t  t h e  .01 level  of  confidence,  

Table 4 .  Reasons and frequency of reasons for 
p i l o t  p reference  of a l t i t u d e  p resen ta t ions ,  

f Reason f o r  Preference - 
PST CHOICE - B (modified conventional cfsck-type) 

Easy t o  read 
L e s s  chance f o r  e r r o r  
An improvement 

2ND CHOICE C - (conventional 3-pointer altimeter) 

F a m i l i a r i t y  (experience) 
Easier t o  read 

10 
4 
4 

8 
4 

3RD CHOICE A - ( v e r t i c a l  t ape )  
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Scores of t h e  p i l o t  p reference  of t h e  ver i tcal  speed 
i n d i c a t o r s  are presented in Table 5. The reasons for  t h e i r  
p references  are presented i n  Table 6, P i l o t s  p re fe r r ed  t h e  
clock-type i c a n t l y  over  %he v e r t i c a l  f i xed  
t ape  ( C ) .  a 

Table 5 ,  Preference scores f o r  v e r t i c a l  speed 
p resen ta t ions  

Instrument Type 
F i r s t  T i m e s  Picked Over 

P r e  ference A B C 

A. Conventional Clock-type l o  -- If 22 

23 -- Bm Modified conventional $3 18 

-- Cm Vertical  Fixed Tape 5" 7 6 

No Preference 

" 
S i g n i f i c a n t  a% t h e  .Of level  of confidence,  

Table 6 ,  Reasons and frequency of reasons f o r  p i l o t  
preference  of  v e r t i c a l  speed p resen ta t ions ,  

Reason f o r  Preference 

PST CHOICE 5 (graduated s tkndard clock-type) 

L e s s  Interpretat ion/markings 
F a m i l i a r i t y  

2ND CHOICE A - (conventional clock-type) 

Simple-No c l u t t e r :  no need 

F a m i l i a r i t y  
Easy to read 

for more markings 

3RD CHOICE C - ( v e r t i c a l  t ape)  

1 3  
9 

l 3  
7 
5 

Frequency of preference  f o r  t h e  t w o  a t t i t u d e  i n d i c a t o r s  
are given i n  Table 4 .  There is no t  a s i g n i f i c a n t  d i f f e r e n c e  
between t h e  choices of either A or  B. Table 8 l is ts  the  
reasons for t h e  choices, 



Table 4 .  Preference  scores f o r  a t t i t u d e  presenta-  
t i o n s ,  

Instrument  Type 
F i r s t  

Preference  

A. Displacement b a r s  14 

B. Hinged p o i n t e r  I f  

N o  Preference  5 

Table 8. Reasons and frequency of reasons f o r  p i l o t  
p re fe rence  of a t t i t u d e  p r e s e n t a t i o n s .  

Reason f o r  Preference  f 

1ST CHOICE A - (ba r  movement) 

Like bar-type movement 3 

2 N D  CHOICE - B (hinged p o i n t e r )  

Eas ie r /quicker  t o  read  4 

The p re fe rences  f o r  t h e  t w o  t u r n  and bank i n d i c a t o r s  
(Table 9 )  i n d i c a t e  t h a t  B w a s  picked s i g n i f i c a n t l y  more than  

A, 
p re ferences .  

X 2  = 1 2 . 4 9 ,  pc.01. Table PO g ives  t h e  reasons f o r  t h e  

Table 9.  Preference  s c o r e s  f o r  t u r n  and bank pre-  
s e n t a t i o n s ,  

Instrument  
F i r s t  

Preference  

A. Standard 5 

B. Graduated 24* 

N o  Preference  P 

* 
S i g n i f i c a n t  a t  t h e  . O I  level of confidence.  
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Table PO. Reasons and frequency of reasons f o r  
p i l o t  p reference  of t u r n  and bank pre-  
s e n t a t i o n s .  

Reason f o r  Preference  f 

l S T  CHOICE B - (marked convent ional)  

Sca le  markings 16 

2ND CHOICE A - (unmarked convent ional)  

Table 11 shows t h e  r e s u l t s  of t h e  comparison of t h e  g l i d e  
s lope  and loca €3 was picked s i g n i f i c a n t l y  
more than  A. a Reasons f o r  t h e s e  choices  
are given i n  Table 1 2 .  

Table Il. Preference  scores f o r  g l i d e  s lope  and 
l o c a l i z e r  dev fa t i cn  p r e s e n t a t i o n s ,  

Instrument  Type 
F i r s t  

P r e f  e rence  

B, Center  hinges and d i s -  
placement b a r  23" 

N o  Preference  2 

" 
S i g n i f i c a n t  a t  t h e  ,QE l e v e l  of confidence,  

Table 1 2 ,  Reasons and frequency of  reasons f o r  p i l o t  
p reference  of g l i d e  s lope  and l o c a l i z e r  
p r e s e n t a t i o n ,  

Reason for  Preference  

1ST CHOICE - C (moving bar -center  hinge)  

Don't l i k e  hinged p o i n t e r  

f 

6 

2ND CHOICE A ( s tandard  blue-yellow hinge type)  
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The r e s u l t s  of  t h e  comparison of t h e  four  s i t u a t i o n  d i s -  
plays a r e  presented i n  Table 13.  The reasons f o r  t h e  choices  
are presented i n  Table 1 4 .  Although t h e  Type A d i sp lay  w a s  
picked more than  any of  t h e  o t h e r  t h r e e  d i s p l a y s ,  t h e  X2 was 
no t  l a r g e  enough for  s i g n i f i c a n c e  a t  t h e  .05 l e v e l  of  confi-  
dence. However, comparing t h e  two windshield d i sp lays ,  A 
(Spectocom) and C (Type A)  a g a i n s t  t h e  o t h e r  two, w e  f i n d  
t h a t  t h e  windshield type was picked s i g n i f i c a n t l y  more than 
t h e  o t h e r  type.  X2 = 1 1 - 1 6 ,  p<.Ol. 

Table 13, Preference scores f o r  s i t u a t i o n  d isp lays .  

Instrument Type 
F i r s t  T i m e s  Picked Over 

Preference A B C D 

A. Spectocom 7 -- 1 9  1 2  1 6  

B. C o l l i n s  4 11 -- 9 10 

C, Type A 11 1 6  18  -- 1 8  

D, General Electr ic  7 1 2  1 8  1 0  -- 
No Preference 1 

Table 1 4 .  Reasons and frequency of reasons f o r  p i l o t  
preference of  s i t u a t i o n  d i sp lays .  

f - Reason f o r  Preference 

1ST CHOICE: C (Type A)  

Windshield 15 
Better p i c t o r i a l l y  11 
Simpler;  less i n t e r p o l a t i o n  5 
Runway 4 

2ND CHOICE:' A - (Spectocom) 

S impl i c i ty  making it easy t o  read 15 
Windshield 11 

3RD CHOICE:7 - D (General Electric) 

" R e a l "  p i c t o r i a l  p r e s e n t a t i o n  20 
Simplici ty/easy t o  g rasp  5 
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Table 1 4  (continued) 

4TH CHOICE: - B (Co l l in s )  

Fami l ia r :  less t r a n s i t i o n  13 
Simpler: more understandable  6 

When cons ider ing  t h e s e  d i s p l a y s  as r ega rds  p r e s e n t a t i o n  
of  t h e  s i t u a t i o n  of t h e  a i rc raf t  i n  r e l a t i o n  t o  t h e  g l i d e  
s lope ,  t h e  Spectocom w a s  t h e  only  one which does n o t  d i s p l a y  
t h i s  information,  Displays B ,  C ,  o r  D ,  which give t h e  si t-  
ua t ion  of  t h e  a i rc raf t  as regards  t o  g l i d e  s lope ,  were picked 
s i g n i f i c a n t l y  more than  t e Spectocom which only has  a Command, 
"Fly-To" d i r e c t o r ,  . The X4 = 7.76, pq.01. 

t i o n  of  a i r speed  information,  Displays A ,  C o r  D t o g e t h e r ,  
a l l  p re sen t ing  a i r s p e e d  information,  vs. t h e  C o l l i n s  ( B ) ,  
which does n o t  p r e s e n t  a i r speed  information,  w e r e  picked sig- 
n i f i c a n t l y  more than  t h e  C o l l i n s .  

Comparison of t h e  d i s p l a y s  as regards  a l t i t u d e  i n f o r -  
mation, A and C v s ,  B and I), r e s u l t e d  i n  a va lue  of  X2 which 
w a s  n o t  s i g n i f i c a n t  a t  t h e  .OS l e v e l  of  confidence.  It  i s  
l i k e l y  t h a t  t h i s  r e s u l t  reflects t h e  f a c t  t h a t  it is t h e  co- 
p i l o t s  t a s k  t o  monitor a l t i t u d e  dur ing  t h e  f i n a l  approach, 
n o t  t h e  t a s k  o f  t h e  person landing  t h e  a i rc raf t .  

Another d i f f e r e n c e  among t h e s e  d i s p l a y s  w a s  t h e  presenta-  

X2 = 15.29, pc.01. 

A s  mentioned previous ly ,  a l l  t h e  s u b j e c t s  were asked 
ques t ions  concerning cues they  used t o  Land t h e  a i r c r a f t  
under bo th  VFR and IFR cond i t ions .  The r e s u l t s  of t h e s e  
ques t ions  are included i n  Tables 15 ,  1 6 ,  and 17. 

Table 15,  Responses t o  ques t ion  "When making a W R  
approach dur ing  the  daytime do you use  t h e  
so-ca l led  s p o t  of no movement t o  i n s u r e  
making t h e  runway?" 

Response f - 
Y e s  
NO 
Don ' t know 

5 
2 0  
5 
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Table 16. Responses to question "When making a VFR 
approach during the daytime what cues do 
you use to insure making the runway?" 

Response 

Runway perspective 
x-spot 
Instruments 

f - 
8 
6 
7 

Table 17. Responses to question "When making an 
IFR approach during the daytime, what 
does the pilot attend to during the 
period of transition from instruments 
to contact flying?" 

Response f - 
Checking runway line-up 16 

Finally, the pilots were asked three questions concerning 
the display of engine performance data. The results of which 
are presented in Tables 18, 19, and 20. 

Table 18, Responses to question "During normal opera- 
tion, which of the engine operation instru- 
ments do you find most useful?" 

Response f - 
Fuel Flow 2 6  

N1 Tachometer 6 
Engine Pressure Ratio (EPR) 11 

Table 19, Response to question "DO you use these 
instruments routinely to infer informa- 
tion about engine thrust?" 

Response f - 
Yes 
NO 
Don't know 

25 
1 
4 
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Table 20. Responses to question "If you had a dis- 
play of per cent of engine thrust, what 
other engine operation information would 
you need?" 

Response f - 
None 10 
Exhaust gas temperature (EGT) 8 
Fuel Flow 6 

Reliability, as the term is here used, means internal 
consistency reliability. Consistency of the pilots' res- 
ponses is attested by the fact that out of 450 choices where 
inconsistency was possible (30 subjects and 15 pairs) only 
two (2) inconsistencies occurred. Thus the empirical pro- 
bability of an inconsistency is, for this study, 0.0044. 
Furthermore, both of the inconsistencies occurred with res- 
pect to the situation displays, where there were six choices 
(4 situation displays, 6 pairs). In no case where there 
were three choices were there inconsistencies, 

Subject number 16 showed one inconsistency when he 
preferred the Kaiser display to the Spectocorn, and the Specto- 
com display to the Collins, but chose the Collins display 
over the Kaiser. He felt that the information on the Collins 
display was more readily grasped. 

Subject number 26  preferred the Spectocom display to the 
Kaiser, and the Kaiser to the Collins, but chose the Collins 
display over the Spectocom. He felt that the Spectocom di- 
rector was difficult to understand. 

One may conclude from the low occurrence of inconsis- 
tencies in pilot judgments, that the data collected are re- 
liable, In other words, there is consistency within pilots. 
We shall utilize the consistency between pilots to make re- 
commendations about the manner of displaying information. 

Validity of the results may be judged by the agreement 
between pilot choice and human engineering recommendations. 
The test displays are those for altitude, indicated airspeed 
and sink rate. The source of human engineering recommenda- 
tions is (1, pages 9 4 ,  9 5  and 96). This source recommends 
a moving pointer and a circular dial as superior to a moving 
scale or a counter for: 
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1. Q u a l i t a t i v e  and check reading; 

2 .  S e t t i n g  i n  information; 

3.  Tracking; 

4 .  General use.  

The only s i t u a t i o n  i n  which our  source  does n o t  recommend a 
moving p o i n t e r  i s  for  q u a n t i t a t i v e  reading,  where t h e  counter  
is  recommended. 

As regards  a l t i t u d e ,  t h e  f i r s t  p reference  was f o r  t h e  
modified c i r c u l a r  d i a l .  Second and t h i r d  choices  were t h e  
conventional t h r e e  p o i n t e r  altimeter and t h e  v e r t i c a l  moving 
scale, r e spec t ive ly .  The reasons given for t h e  preferences  
are l i s t ed  i n  Table 4. 

As regards a i r speed ,  t h e  f i r s t  p reference  w a s  fo r  t h e  
conventional d i a l  with moving po in te r .  The second and 
t h i r d  choices  were f o r  t h e  v e r t i c a l  t ape  and t h e  d i g i t a l  
readout ,  r e spec t ive ly .  The reasons given f o r  t h e  p re fe r -  
ences are l isted i n  Table 2.  

As regards v e r t i c a l  speed, t h e  graduated s tandard d i a l  
p re sen ta t ion  w a s  t h e  f i r s t  choice.  The second and t h i r d  
choices  were t h e  ungraduated s tandard d i a l  and t h e  ver t ica l  
t ape ,  r e spec t ive ly .  The reasons given f o r  preferences are 
l i s t e d  i n  Table 6 .  

I n  every case, t h e  preference  of t h e  p i l o t s  corresponded 
e x a c t l y  with t h a t  of t h e  human engineer ing recommendations. 
These are mul t ip l e  use instruments .  They are used f o r  direct 
reading when going from one a l t i t u d e  t o  another  o r  one speed 
t o  another .  They are used also t o  i n d i c a t e  t r e n d s ,  a s  when 
descending on t h e  letdown phase of landing. F i n a l l y ,  there 
is  cons tan t  use of  t h e s e  instruments  t o  check t h e  condi t ions  
of  f l i g h t .  The p i l o t  checks only for  dev ia t ions  from a de- 
sired course.  

I n  terms of t h e  reasons given f o r  s e l e c t i o n  of  a p a r t i -  
c u l a r  instrument ,  t h e  p i l o t s '  reasons do n o t  conform e x a c t l y  
t o  those  of  t h e  human f a c t o r s  l i t e r a t u r e .  However, it should 
be noted t h a t  there are no con t r ad ic t ions .  What s i n s  there are, 
are those  of omission. For example, t h e  p i l o t s  do n o t  mention 
t h e  importance of t r e n d  information a s  regards  t h e  altimeter. 
It i s  l i k e l y  t h a t  they do n o t  mention t h i s  f a c t o r  as regards 
t h e  a l t i m e t e r  because they gene ra l ly  d i s t r u s t  t h e  altimeter-- 
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and f u r t h e r ,  t h e  altimeter i s  next  t o  use l e s s  on t h e  f i n a l  
approach t o  landing--the main s u b j e c t  of t h e  study. 

I n  view of t h e  above, w e  conclude t h a t  t h e  d a t a  collected 
as regards  a l t i t u d e ,  a i r speed  and s ink  rate d i sp lays  is  valid.  
Fur the r ,  w e  i n f e r  f r o m  t h i s  t h a t  t h e  d a t a  as regards s i t u a t i o n  
d i sp lays  i s  a l so  v a l i d ,  

* 
Summary of  Resul t s  

S i t u a t i o n  d isp lays . -  The r e s u l t s  a s  regards  s i t u a t i o n  
d i sp lays  allow t h e  gene ra l i za t ions  t h a t  p i l o t s  p r e f e r  a d i sp lay  
for  landing i n  reduced v i s i b i l i t y  which: 

1, Is presented on t h e  windscreen; 

2.  Contains information about t h e  p o s i t i o n  of t h e  
a i r c r a f t  wi th  r e spec t  t o  the  g l i d e  s lope ,  as w e l l  
as p re sen t ing  a p i c t u r e  of t h e  landing s i t u a t i o n :  

3 ,  Contains information about a i r speed .  

Ind iv idua l  information.-  T h e  r e s u l t s  as regards the in-  
d iv idua l  information d i sp lays  a l l o w  t h e  gene ra l i za t ions  t h a t  
p i l o t s  p r e f e r  d i sp l ays  of a l t i t u d e ,  a i r speed  and s ink  rate 
t o  be presented a s  c i r c u l a r  scales w i t h  moving p o i n t e r s  t o  
f a c i l i t a t e  quick checks and so t h a t  they may note  t rends .  

Resul t s  with t h e  g l i d e  s lope  and l o c a l i z e r  instruments 
imply t h a t  p i l o t s  p r e f e r  a displacement bar t o  needles, 'when 
both p re sen t  a f l y - t o  ind ica t ion .  

Resul t s  with a l l  i nd iv idua l  information d i sp lays  implies  
a preference  f o r  a graduated instrument .  

Making the  runway.- P i l o t s  use a v a r i e t y  of cues t o  in-  
s u r e  making t h e  runway, b u t  t h e  p re sen t  r e s u l t s  i n d i c a t e  t h a t  
t h e  s p o t  of  no movement i s  n o t  used by t h e  major i ty  of p i l o t s .  

Perceneage of engine th rus t . -  T h e  p re sen t  r e s u l t s  i n d i c a t e  
t h a t  a s i g n i f i c a n t  major i ty  of t h e  p i l o t s , u s e  one o r  a com- 
b i n a t i o n  of  p re sen t  engine instruments  t o  i n f e r  data about the  
percentage of engine t h r u s t  which i s  delivered. 
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THE DISPLAY 

In t roduc t ion  

The d i s p l a y  f o r  landing i n  reduced v i s i b i l i t y  should be 
developed wi th  one ove r r id ing  cons idera t ion  i n  mind. The 
landing comes a t  t h e  end of t h e  f l i g h t .  I n  a l l  l i ke l ihood ,  
t h e  p i l o t s  w i l l  have flown t h e  a i r c r a f t  fo r  a per iod of t i m e  
ranging from 4 t o  8 hours.  They w i l l  be t i red.  The a i r c r a f t  
may be l o w  on f u e l .  The runway, when they g e t  t o  it, may 
be w e t ,  i c y ,  fog bound o r  snow covered. The p i l o t s  w i l l  be 
using the  d i sp lay  i n  t h e  worst  poss ib l e  condi t ions ,  and it 
must be developed fo r  use i n  those  kinds of s i t u a t i o n s .  

Information Content 

The a n a l y s i s  of t h e  Panding t a s k ,  which was presented 
i n  t h e  second s e c t i o n ,  i s  t h e  source of t h e  information 
requirements for  t h e  d i sp lay ,  The con ten t  suggested was 
information t o :  

l a  

2. 

3. 

4, 

5, 

6. 

7.  

a. 

9. 

1 0  * 

Determine when t o  i n i t i a t e  t he  f i n a l  approach; 

Achieve an appropr ia te  g l i d e  angle;  

Warn of overshoot ing o r  undershooting t h e  aiming 
p o i n t  (depar ture  from g l i d e  a n g l e ) ;  

Maintain an appropr i a t e  angle  of a t t a c k ;  

Maintain an appropr i a t e  s i n k  rate;  

Maintain an appropr i a t e  r o l l  a t t i t u d e ;  

Maintain an appropr i a t e  course;  

I n d i c a t e  amount of crab requi red  t o  maintain course;  

Determine when t o  i n i t i a t e  t h e  f lare  maneuver; 

Maintain a i r c r a f t  heading during r o l l - o u t ,  
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C r i t e r i a  For Display Evaluat ion 

The fol lowing c r i te r ia  w e r e  der ived from t h e  a n a l y s i s  of 
t h e  landing t a s k ,  from t h e  p i l o t  opinion s tudy ,  from previous 
work (19 )  and from discuss ions  with f l y i n g  i n s t r u c t o r s :  The 
cr i ter ia  f o r  t he  eva lua t ion  of a d i sp lay  f o r  landing an a i r -  
c r a f t  i n  weather are: 

1, Information conten t  as ind ica t ed  above: 

2, Presen ta t ion  of  a compensatory d i sp lay ;  

3 .  Presen ta t ion  of a simple,  p i c t o r i a l  i n d i c a t i o n  of t h e  
landing s i t u a t i o n ;  

4 .  Presen ta t ion  on t h e  windscreen; 

5. U t i l i z a t i o n  of  maximum of d i sp l ay  ga in ;  

60  Provis ion for  redundant b u t  independent information; 

7. Require a minimum of user  suppl ied  information; 

8. Alignment, and other  adjustments p r i o r  t o  use ,  should 
be simple t o  accomplish and should be followed by a 
simple foolproof checkout procedure; 

9 .  Useful i n  o t h e r  phases of  t h e  f l i g h t  than landing;  

1 0 .  Provide for  removal from t h e  d i sp lay  of a m a l -  
func t ion ing  element. 

Display Elements 

The  d i sp l ay  concept which i s  presented below de r ives  from 
t h e  p i l o t  p reference  s tudy ,  previous acceptance s t u d i e s  by 
Serendip i ty  Associates  (3,18,19) and from the  cr i ter ia  for  
d i sp lays  l i s t e d  above. The use of a windscreen d i sp lay  conforms 
t o  t h e  r e s u l t s  of t h e  p resen t  s tudy and t o  (3,199 The runway 
symbol shape and t h e  a i r c r a f t  ground symbol shape de r ive  from 
( 3 ) .  The u s e  of a c rab  bar __L. i s  d i c t a t e d  by the  r e s u l t s  of the  
p resen t  p i l o t  p reference  study. The remaining d i sp lay  elements 
w e r e  s e l e c t e d  t o  provide a simple unc lu t t e red  appearance and 
t o  allow t h e  maximum use of d i sp lay  gain.  

The  d i sp l ay  concept assumes an on-board computer, which 
i s  capable of  making t h e  var ious  c a l c u l a t i o n s  requi red  and 
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which is capable o f ’ d r i v i n g  t h e  d i sp lay ,  T h i s  computer 
receives information from t h e  ground v i a  r a d i o  inpu t s ,  f r o m  
t h e  a i r c r a f t  i t s e l f - a n d  perhaps a l s o  from t h e  p i l o t  who may 
i n s e r t  a card  desc r ib ing  c h a r a c t e r i s t i c s  of t he  a i r p o r t  of  
i n t e n t .  The fast-s low a i r speed  i n d i c a t o r  of  t h e  d i sp l ay  
assumes a u k m a t i c  t h r o t t l e . c o n t r o 1 .  

F i n a l l y ,  t h e  d i s p l a y  concept assumes an a u x i l i a r y  source 
of information about the  runway. This is requi red  f o r  t h e  
provis ion  o f  information f o r  cross-checking t h e  opera t ion  
of t h e  d i sp lay  genera t ion  equipment. Some device l i k e  micro- 
v i s i o n  (16) is  envisioned. 

T h e  d i sp l ay  c o n s i s t s  of  t h e  following e lements  (see 
Figure 6 ) :  

1. 

2. 

3. 

4 .  

5 .  

6, 

7. 

8 .  

Direc tor  cross; 

Fast-slow a i r speed  i n d i c a t o r ;  

A i r c r a f t  ground t r a c k  symbol; 

Horizon l i n e  with runway heading marker; 

Runway with aiming p o i n t  and center l i n e ;  

Crab bar ;  

Radar a l t i t u d e  and f l a r e  i n i t i a t i o n  symbol: 

Distance-Alti tude readaut .  

T h e  horizon l i n e  and the  runway symbol are t o  be gyro- 
s t a b i l i z e d  as regards t h e  ground. The remainder of t h e  d i s -  
p lay  elements a r e  referred t o  t h e  a i r c r a f t  i t s e l f .  The ho r i -  
zon l i n e  and runway symbol a r e  green i n  co lo r .  The remainder 
of t h e  d i sp lay  elements a r e  colored red. Figures  7 ,  7-1 and 
7-2 show the appearance of t h e  d i sp lay  f o r  d i f f e r e n t  s i t u a -  
t i o n s .  This  sequence i l l u s t r a t e s  a l s o ,  t h a t  no t  a l l  of t h e  
elements are intended t o  be on a l l  of  t h e  t i m e .  

Information fo r  i n i t i a t i o n  of t h e  f i n a l  approach i s  
presented by t h e  d i r e c t o r  cross. T h i s  d i r e c t o r  cross would 
show dev ia t ion  from t h e  g l i d e  s lope  and l o c a l i z e r .  I t  would 
be used on i n i t i a l  approach t o  a l i g n  the  a i r c r a f t  w i t h  t h e  
runway c e n t e r  l i n e .  Depending on t h e  s t r e n g t h  of t h e  g l i d e  
s lope  beam, as t h e  a i rcraf t  approached the  beam, t h e  d i r e c t o r  
cross would tend t o  move upward and then  down again;  warning 
of approach t o  the  g l i d e  s lope.  When t h e  a i rcraf t  in t e rcep ted  
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Figure 6. Situation display elements, 
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t h e  g l i d e  s lope ,  t h e  d i r e c t o r  c ros s  would begin t o  move 
down, i n d i c a t i n g  t h a t  t h e  a i r c r a f t  was s t a r t i n g  t o - o v e r - f l y  
t h e  f i e l d .  The p i l o t  would reduce t h r o t t l e  and change 
t h e  angle  of a t t a c k  o f  t h e  a i r c r a f t  t o  capture  t h e  d i r e c t o r  
cross wi th  t h e  a i r c r a f t  symbol. When t h e  a i rc raf t  symbol 
was f ixed  over  t h e  d i r e c t o r  cross, t h e  a i r c r a f t  would 
have achieved t h e  appropr i a t e  g l i d e  angle.  Maintenance of 
t h e  a i r c r a f t  symbol over  t h e  d i r e c t o r  cross would a s su re  
maintaining t h e  g l i d e  angle .  Deviation of t h e  a i r c r a f t  
symbol from t h e  d i r e c t o r  c ros s  would mean dev ia t ion  from 
t h e  g l i d e  s lope ,  l o c a l i z e r  or  both.  

Sink rate,  o r  r a t h e r  i nappropr i a t e  s ink  r a t e ,  would be 
s igna led  by t h e  d i r e c t o r  cross. I f  t h e  s ink  rate were too  
g r e a t ,  t h e  a i r c r a f t  would go below t h e  g l i d e  s lope  and t h e  
d i r e c t o r  c ros s  would move up. I f  t h e  s ink  r a t e  were too  
small t h e  a i r c r a f t  would go above t h e  g l i d e  s lope  and t h e  
d i r e c t o r  c ros s  would move down. 

The speed scale appears  t o  t h e  l e f t  of t h e  a i r c r a f t  
symbol. The speed s c a l e  i s  a fast-slow ind ica to r .  I t  pre- 
s e n t s  an i n d i c a t i o n  of a i r speed  which i s  s t a b i l i z e d  with 
accelerometers  and which a l s o  i s  a func t ion  of  angle of attack. 
T h i s  p re sen ta t ion  is  simply t h e  s a f e - f l i g h t  instrument re- 
o r i en ted .  I t  i s  placed where it i s  because t h i s  placement 
allows f o r  a maximum use of d i sp l ay  gain.  I t  could be 
placed a l t e r n a t e l y  a t  one s i d e  of o r  above t h e  horizon l i n e .  
However, t h i s  would r e q u i r e  t h e  p i l o t  t o  move h i s  eyes up t o  
check a i r speed .  

R o l l  a t t i t u d e  would be ind ica t ed  by t h e  re la t ion  
between t h e  a i r c ra f t  symbol and t h e  horizon l i n e .  The 
a i r c r a f t  symbol i s  q u i t e  wide, t hus  f a c i l i t a t i n g  t h e  de- 
t e c t i o n  of dev ia t ion  from t h e  ho r i zon ta l .  In  a d d i t i o n ,  
d i sp l ay  ga in  would tend t o  emphasize t h e  magnitude of  t h e  
ro l l .  F i n a l l y ,  any tendency on the  p a r t  of t h e  a i r c r a f t  
t o  r o l l  r e s u l t s  i n  depar ture  of  t h e  d i r e c t o r  cross from 
t h e  a i r c r a f t  symbol. Thus if t h e  a i r c r a f t  r o l l s  t o  a l e f t  
wing down a t t i t u d e ,  t h e  r i g h t  wing of  t h e  a i r c r a f t  comes 
c l o s e r  t o  t h e  horizon and t h e  d i r e c t o r  cross i s  seen a s  
moving t o  t h e  r i g h t  s i n c e  t h e  a i r c r a f t  a c t u a l l y  t u r n s  t o  
t h e  l e f t .  I n  a d d i t i o n  t o  t h i s  t h e  p i l o t  would have t h e  
displayed information confirmed by t h e  tendency of t h e  
a i r c r a f t  t o  yaw t o  t h e  r i g h t ,  s i n c e  t h e  t u r n  would n o t  be 
coordinated with rudder.  

A i r c r a f t  heading would be ad jus t ed  t o  maintain t h e  
a i r c r a f t  course i n  r e l a t i o n  t o  t h e  runway c e n t e r  l i n e .  I f  
t h e  a i r c r a f t  were on t h e  r i g h t  course t h e  d i r e c t o r  c ros s  
would be centered  i n  t h e  a i r c r a f t  symbol, over  t h e  runway 
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aiming po in t .  
would cause the director c ros s  t o  move i n  a d i r e c t i o n  which 
would i n d i c a t e  t h e  n a t u r e  of t h e  maneuver requi red  t o  correct 
f o r  t h a t  misadjustment,  S imi l a r ly ,  t h e  e x i s t e n c e  of a cross- 
wind would t end  t o  move t h e  a i rc raf t  o u t  of  alignment and t h e  
d e v i a t i o n - c r o s s  would i n d i c a t e  t h e  na tu re  and degree of t h e  
necessary co r rec t ion .  I n  t h i s  case the  p i l o t  would hold 
t h e  heading necessary t o  maintain t h e  course t o  t h e  runway. 
I n  such a s i t u a t i o n ,  where t h e  a i r c r a f t  course differed from 
t h e  a i r c r a f t  heading t h e  crab bar would be t o  the  side of 
t h e  runway, showing t h e  a c t u a l  heading of t h e  a i r c r a f t  i n  
r e l a t i o n  t o  the runway heading. T h e  d i r e c t o r  cross would 
show on course* 

Any misadjustment of  t h e . a i r c r a f t  c o n t r o l s  

Information on which t o  base i n i t i a t i o n  of  the  f lare  
maneuver is  d isp layed  below t h e  runway symbol. The scale 
shows ground-based radar a l t i m e t r y  d a t a  which i s  radioed t o  
t h e  a i r c r a f t  and pu t  on t h e  d i s p l a y  by t h e  computer. The 
s c a l e  i s  marked o f f  i n  10-foot graduat ions.  The d i s p l a y  
symbol i s  a "T" which comes up from below t h e  a i r c r a f t  sym- 
bol. T h i s  symbol appears  j u s t  p r i o r  t o  t h e  t i m e  f o r  f l a r e  
i n i t i a t i o n .  I t  cont inues t o  move up, a s  t he  a i r c r a f t  settles 
toward t h e  runway. The c r o s s  bar of t h e  "T" should touch 
t h e  a i r c r a f t  symbol as t h e  main gear  of t he  a i r c r a f t  touches 
down. 

El iminat ion of  t h e  crab angle  would be f a c i l i t a t e d  by 
t h e  crab bar. The crab bar would be o f f  t o  one s ide  of t h e  
runway c e n t e r  l i n e ,  i n d i c a t i n g  t h e  d i r e c t i o n  of c rab .  The 
task of t h e  p i l o t  i n  performing t h e  decrab maneuver would be 
t o  b r i n q  t h i s  bar i n t o  coincidence with t h e  runway c e n t e r  
l i n e  a s - t h e  main gea r  touched down. 
crab b a r  would be dr iven  by t h e  computer from information 

I t  is  assumed t h a t  t h e  

suppl ied  by a device l i k e  microvis ion.  

The suggested d i s p l a y ,  w i t h  t h e  e lements  so f a r  des- 
c r ibed ,  conforms, o r  can conform t o  a l l  of t h e  requirements 
which were l a i d  down f o r  a d i sp lay  except  one-the provis ion  
of  redundant,  b u t  independent,  information for  cross- 
check purposes,  The f ive  i t e m s  of most importance f o r  
cross-check are: 

1. F i n a l  approach i n i t i a t i o n ;  

2 .  Maintenance of t h e  approach g l i d e ;  

3.  L a t e r a l  d e v i a t i o n  from proper  course:  

4 .  Flare i n i t i a t i o n ;  
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Two of  t h e s e  items a r e  a l ready  taken care o f .  If t h e  
d i r e c t o r  cross should be inope ra t ive ,  t h e  ma t t e r  of  l a t e r a l  
dev ia t ion  from course could be handled if t h e  a i r c r a f t  ground 
t r a c k  symbol and runway were both  ope ra t ive .  The c rab  ba r  
could show dev ia t ion  f r o m  t h e  runway center l i n e  f o r  ro l l -ou t .  

A s  regards  t h e  o t h e r  t h r e e ,  some a d d i t i o n  t o  t h e  d i sp lay  
i s  requi red .  One of  t h e  t h i n g s  t h a t  t h e  p i l o t s  who p a r t i c i -  
pated i n  t h i s  s tudy l i k e d  about t h e  Spectocom d i sp lay  w a s  
an i n d i c a t i o n  of  range t o  runway. S imi l a r ly ,  i n  a previous 
s tudy ( 3 )  p i l o t s  i nd ica t ed  a d e s i r e  f o r  information about 
d i s t ance  t o  th re sho ld ,  

DME d i s t a n c e  t o  th re sho ld  and ground-based r ada r  a l t i -  
metry may be  used t o  supply independent redundant information 
f o r  t h e  o t h e r  t h r e e  func t ions ,  Consider f i r s t  t h e  p o i n t  f o r  
i n i t i a t i o n  of  t h e  f i n a l  approach. I f  t h e  a i r c r a f t  is  t o  f l y  
a given g l i d e  angle  t o  t h e  aiming p o i n t  of  t h e  runway of 
i n t e n t ,  t h e r e  i s ,  f o r  a given a l t i t u d e ,  one d i s t ance  from 
t h e  runway a t  which t h e  f i n a l  approach should be i n i t i a t e d .  
DME d i s t a n c e  could be fed  i n t o  and monitored by a computer 
u n t i l  tha t  d i s t a n c e  w a s  reached, A t  t h a t  t i m e ,  o r  s l i g h t l y  
before ,  t h e  computer could t r i g g e r  a d i sp lay  which i n s t r u c t e d  
t h e  p i l o t  t o  i n i t i a t e  t h e  f i n a l  approach. This  information 
could be  displayed t o  t h e  r i g h t  of  t h e  a i r c r a f t  ground track 
symbol. A s  t h i s  d i s p l a y  appeared t h e  d i r e c t o r  c r o s s  should 
s t a r t  t o  move down'toward t h e  runway aiming po in t .  

As regards maintenance of  t h e  given g l i d e  angle  one 
would use a d i sp lay  based on t h e  r a t i o  of d i s t ance  t o  a l t i -  
t u d e e 8  
See Figure 8, These i t e m s  of information could be fed  d i -  
r e c t l y  i n t o  t h e  computer on a pre-determined sampling bas i s .  
The computer would compute t h e  cotangent of  t h e  g l i d e  angle  
which t h e  a i r c r a f t  w a s  f l y i n g ,  See Figure 9.  The des i r ed  
cotangent would be sub t r ac t ed  f r o m  t h e  a c t u a l  cotangent and 
t h e  d i f f e r e n c e  compared with an allowable error., If t h e  
d i f f e rence  exceeded t h e  abso lu te  magnitude of  t h e  allowable 
e r r o r  t h e  computer would t r i g g e r  a d i sp lay  of "ABOVE GLIDE" 
o r  "BELOW GLIDE",  depending on t h e  s ign  of  t h e  o r i g i n a l  d i f -  
ference.  A p o s i t i v e  d i f f e r e n c e  would i n d i c a t e  t h a t  t h e  a i r -  
c r a f t  w a s  below t h e  g l i d e  s lope.  A nega t ive  d i f f e r e n c e  would 
i n d i c a t e  t h a t  t h e  a i r c r a f t  was above t h e  g l i d e  s lope.  I f  t h e  
obta ined  d i f f e r e n c e  w e r e  w i th in  t h e  e r r o r  l i m i t ,  t h e  d i sp l ay  
would read  "ON GLIDE." 

This r a t io  is  t h e  cotangent of t h e  a c t u a l  g l i d e  angle.  

*The o r i g i n a l  impetus f o r  t h i s  i dea  i s  due t o  Captain C a r l  W. 
Vie tor ,  American A i r l i n e s ,  L o s  Angeles, 
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Note khat  i f  t h e  g l i d e  s lope  information should go o u t  
t h i s  cotangent  dev ia t ion  could be used t o  d r i v e  t h e  d i sp lay ,  
However, it should be t h e  r e s p o n s i b i l i t y  of t h e  p i l o t  t o  
cause t h e  d i s p l a y  t o  be dr iven  by t h e  cotangent  devia t ion .  
The reason i s  t h a t  t h e  use of t h e  cotangent dev ia t ion  t o  
d r i v e  the dev ia t ion  c r o s s  depr ives  t h e  p i l o t  of h i s  redundant 
b u t  independent check, The p i l o t  must be aware t h a t  t he  
two d i sp lays  are based on t h e  same information. 

The p o i n t  t o  i n i t i a t e  f l a r e  would be handled by consider- 
ing  a l t i t u d e  i n  r e l a t i o n  t o  d i s t a n c e  t o  go. See Figures  1 0 ,  
10-1 and 10-2, I f  t h e  a l t i t u d e  and d i s t a n c e  w e r e  correct, 
f o r  t h e  given a i rc raf t ,  as determined by a sequence of  compu- 
t a t i o n s ,  t h e  computer would t r i g g e r  t h e  d i sp lay  "FLARE." If 
t h e  a l t i t u d e  and d i s t a n c e  w e r e  n o t  correct t h e  computer would 
compute t h e  d i s t a n c e  ( a l t i t u d e )  when t h e  a l t i t u d e  (d i s t ance )  
would be r i g h t .  I t  would t h e n  r e f e r  t o  a i r c r a f t  aerodynamic 
information t o  determine whether t h e  a i r c r a f t  could be s a f e l y  
landed. I f  t h e  a i r c r a f t  could be s a f e l y  landed t h e  computer 
would t r i g g e r  t h e  d i s p l a y  "FLARE" a t  t h e  appropr i a t e  t i m e .  
If the  a i rc raf t  could n o t  be s a f e l y  landed, t he  computer 
would t r i g g e r  t h e  d i sp lay  "GO-AROUND." 

While the  p resen t  d i sp l ay  concept w a s  developed f o r  con- 
d i t i o n s  of reduced v i s i b i l i t y ,  s p e c i f i c a l l y  f o r  Category I1 
s i t u a t i o n s ,  w e  feel  t h a t  it i s  compatible with Category I11 
landing requirements.  
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In t roduc t ion  

The purpose of this section is t o  describe an experimental  
program for  t h e  development of d i s p l a y s  f o r  landing  a i r c ra f t  
i n  cond i t ions  of reduced c e i l i n g  and v i s i b i l i t y .  The t a sk  
a n a l y s i s  o f  t h e  t h i r d  s e c t i o n  provides  p a r t  o f  t h e  con ten t  
for t h e  experimental  program., Sec t ion  I o  provides  t h e  re- 
mainder, 

Sec t ion  I l isted seven areas which impinge upon t h e  pro- 
blem o f  landing  under Pow minimums: 

le The weather;  

2, The a i r c r a f t  f t s e l f - - l and ing  techniques ;  

3 ,  P i l o t s  and p i l o t i n g  technique;  

4 .  Ground f a c i l i t i e s  and equipment; 

5 ,  Cockpit  ins t rumenta t ion ;  

6 .  SociopsychoPogicaP-PegaP cons ide ra t ions ;  

7 ,  Man-machine i n t e r f a c e .  

The problem of weather shs-ufd be in t roduced  as a matter 
of experimental  program phasing,  The e a r l y  phases of t h e  
program would cons ide r  reduced v i s i b i l i t y  weather in fog, with 
no wind problems, Howeverp nt is recognized t h a t  t h e r e  are wea- 
t h e r  cond i t ions  which reduce v i s i b i l i t y  t o  zero  which are accom- 
panfed by s t r o n g  winds, i . e . ,  r a i n  o r  snow. I t  is  t h e r e f o r e  
d e s i r a b l e  t o  determine t h e  use fu lness  of t h e  d i s p l a y  i n  cross- 
winds when v i s i b i l i t y  is zero ,  During t h e  l a t t e r  phases of  
t h e  program one could in t roduce  crosswind and/or headwinds 
whfeh would r e q u i r e  g r e a t  p i l o t  s k i l l ,  At a s t i l l  l a t e r  p o i n t  
i n  t h e  program it may be  d e s i r a b l e  t o  in t roduce  shea r  wind 
e f f e c t s .  

As r ega rds  t h e  a i r c r a f t  and landing  technique,  w e  are 
concerned wi th  t h e  need for  a f l a r e  maneuver on landing ,  It  
is suggested t h a t  a i r c r a f t  type  be introduced e a r l y  i n  t h e  
program and maintained throughout.  Representa t ive  a i rc raf t  
types  are t h e  Douglas De-7, t h e  Convair 880 and t h e  Boeing 70'7 
which would g i v e  a range of  f l a r e  requirements f o r  landing,  
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Pilots and p i l o t i n g  technique are really t w o  var iab les ; ,  
A s  r ega rds  p i l o t s ,  t h i s  is a ques t ion  of sampling. For t h e  
experiments,  airline p i l o t s  should be used. Howeverr 
for pre l iminary  runs  t o  prove out procedures and techniques ,  

techniques should be e s t a b l i s h e d  for each a i r c ra f t  chosen 
and n o t  varied d u r i n g  t h e  experiment. The range of acceptab le  
landing  cond i t ions  f o r  each a i r c ra f t  types  should be dater- 
mined f r o m  c u r r e n t  s t anda rd  o p e r a t i n g  procedures ,  Any t r i a l  
on which one or more of these ranges was exceeded should not 
be accepted,  

it will be  s a t i s f a c t o r y  t o  use research p i l o t s ,  P i l o t i n g  

The s t u d i e s  should be condueteed wi th  t w o  persons--pf lot  
and copi lo t - - fn  t h e  cockpit .  The d i v i s i o n  of  l a b o r  should 
be p a t t e r n e d  af ter  t h a t  of t h e  c u r r e n t  ILS l anding  t a s k ,  T h e  
p i l o t  w i l l  land t h e  a i r c r a f t .  R e  w i l l  use  t h e  d i s p l a y  being 
tested, The @opi$ot supports t h e  pilot, H e  monitors all 
of t h e  f l i g h t  information presented  by t h e  ins t ruments ,  H e  
fnform's t h e  p i l o t  sf any occurrence which would n e c e s s i t a t e  
abor t ing  t h e  landing ,  He monitors a l t i t u d e  t o  a s s u r e  avoiding 
obstacles on t h e  way %no H e  calls out a l t i t u d e  a t  stated 
i n t e r v a l s ,  He watches for t h e  runway and informs t h e  p i l o t  
when he has f&: in sight, 

A final consideration, which may be d i f f i c u l t  t o  achieve)  
is t h a t  t h e  pilots who serve i n  t h e  studies should be t i red ,  
They should have flown a t  l eas t  f o u r  hours  be fo re  f l y i n g  
t h e  experimental  t r i a l s ,  T h e  use o f  well-rested pilots will 
not provide a r e a % f s t i c  t e s t  sf t h e  d i s p l a y  adequacy, s i n c e  
we l l - r e s t ed ,  ~ i g h ~ y - ~ x p ~ r ~ e n ~ ~ d  p i l o t s  can probably do an 
acceptab le  job under m o s t  s i t u a t i o n s ,  

Ground f ac i l i t i e s  and equipment should be assumed t o  
be adequate t o  provide v a l i d  and re l iab le  information f o r  
t h e  d i s p l a y s  t o  be t e s t e d ,  Ef t h i s  is done consc ien t ious ly ,  
t h e  r e s u l t s  sf t h e  s tudy  can c o n t r i b u t e  t o  requirements f o r  
ground equipment, 

Cockpit  ins t rumenta t ion  should be adequate t o  t h a t  re- 
qu i r ed  fo r  f n i k f a t f n g  t h e  f i n a l  approach and subsequent 
phases  of t h e  landing ,  in r e l a t i o n  t o  t h e  d i v i s i o n  of labor 
between t h e  p i P o t . a n d  copilot, In t h e  early phases of t h e  
program m a l f ~ ~ c ~ ~ ~ n ~  should not be s i m u l a t e d ,  In the middle 
phases malfunct%ons may be in t roduced  and then  one can develop 
requirements for suppor t  ins t rumenta t ion ,  However, m o s t  of 
such requirements could m o s t  economically be developed through 
a n a l y t i c a l  procedures.  



Sociopsyehological-legal cons idera t ions  should n o t  e n t e r  
i n t o  t h i s  program except  as regards . t h e  choice of t h e  subject 
popula.tfon , and. t h e  man-machine i n t e r f a c e  e 

The man-machine i n t e r f a c e  is one of t h e  main reasons 
f o r  canducting t h e  s tudy ,  s i n c e  the  d i s p l a y  mediates this 
i n t e r f a c e o  The assumption should be made t h a t  t h e  landing 
will be accomplished manually, except  f o r - t h r o t t l e  con t ro l .  

Experiments O n  R a t e  Aiding 

The i n i t i a l  experiments should be designed t o  explore  
t h e  r e l a t i v e  value of a conventional p i c t o r i a l  o r  representa-  
t i v e  d i sp lay  and a rate-aided f l y - t o  director d i sp lay  t o  
fac i l i t a te  t h e  landing  t a s k .  

Since t h e  d i s p l a y  w i l l  be a compensatory type,  it is 
reasonable  t o  t h i n k  of inco rpora t ing  simple displacement 
ga in  as regards  t h e  fast -s low a i r speed  i n d i c a t o r ,  t h e  crab 
b a r  and t h e  wing d i p  of t h e  a i r c r a f t  symbol. 

F i n a l l y p  one should also consider  t h e  p i l o t i n g  technique 
demanded by t h e  p r o p e l l e r  vs. t h e  je t -dr iven  a i rcraf t .  Anti- 
c i p a t o r y  d i sp lays  may be much more imporeant f o r  j e t  a i r c r a f t  
because of %he cons iderable  l a g  fa response t o  increased  
t h r o t t l e  

The landing  approach t o  be s tud ied  should be a s t r a i g h t - i n  
approach w i t h  no vec to r ing , .  A l l  dec i s ions  about the  i n i t i a t i o n  
of phases of  t h e - l a n d i n g  would be a t  p i l o t  d i s c r e t i o n  i n  res- 
ponse t o  d isp layed  ~ n ~ ~ r ~ ~ t i ~ n ~  The t r i a l  should be s tar ted 
j u s t  p r i o r  t o  cap tu r ing  t h e  locafi~er and should cont inue to, 
t h e  p o i n t  o f  f l a reo  

This would g i v e  an experiment w i t h  t h e  following inde- 
pendent v a r i a b l e s :  

1, Afrc ra f t . t ype - - the  Douglas DC-9,  t h e  Convair 880, 
and t h e  Boeing 707,  

2.  R a t e  a i d i n g ,  ve r t i ca l -d ,  d 8 d '  , d 8 d" ,  d 9 d '  + d" 

3 ,  R a t e  a id ing ,  l a t e r a l - - d i ,  d i  8 d i e ,  d i  -6. di", d i  9 d i '  +di" 

4 .  Display gain---lO, fl ' 1 2 .  
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Variables  2 and 3 would apply only  to t h e  f l y - t o  d i r e c t o r .  
Var iab le  4 would apply only  t o  t h e  a i r speed  i n d i c a t i o n ,  t h e  
crab ba r  and t h e  a f r e r a f t  symbol. 

design matr ix ,  Two complete r e p l i c a t i o n s  of t h e  design 
mat r ix  would provide an error.term w i t h  96 degrees of free- 
dom, There would be 288 d a t a  i t e m s  f o r  a n a l y s i s ,  

This  fs a a c t o r i a l  experiment with 1 4 4  cells i n  t he  

Sources of Variance d , f  d , f ,  (cum) 

A i r c r a f t  
V e r t i c a l  rate a i d i n g  
Lateral rate a i d i n g  
Display ga in  
AV9 
AL 
AD 
VL 
VD 
LD 
AVL 
AVD 
ALD 
VLD 
AVLD 
Error 
Grand mean 

2 
3 
3 
2 
6 
6 
4 
9 
6 
6 

918 
1 2  
1% 
18 
36 

144 
P 

2 
5 
8 

PO 
916 
22  
26 
35 
4 1  
47 
65 
7 9  
89 
107 
143 
287 
288 

Performance measures to be taken include:  

1. Deviation from optimum p o i n t  for  i n i t i a t i n g  the  
f i n a l  approach, d i s t a n c e ,  a l t i t u d e  and l a t e r a l  
p o s i t  ion  ; 

2.  Root-mean-square dev ia t ion  from opt imal  approach 
pa th ,  v e r t i c a l  and l a t e ra l .  dev ia t ion  s e p a r a t e l y ;  

3 ,  Frequency of aborted t r i a l s ,  

'AV denotes  t h e  i n t e r a c t i o n  between A i r c r a f t  and Vertical 
rate a id ing .  I n  t h e  p re sen t  experiment there are s i x  
two-way, fou r  three-way and one four-way i n t e r a c t i o n .  
The degrees  of freedom fo r  each i n t e r a c t i o n  term is t h e  
product of t h e  degrees  of freedom of i ts  components, 
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If the study included the flare.and.touchdown then one could 
include: 

4 ,  Touchdown distance from threshold; 

5, Lateagal separation from center line at threshold 

This experiment would provide information about: 

and at touchdown. 

l. 

2, 

3 .  

4 ,  

5, 

The value of rate aiding-in the zero-zero landing 
situation; 

The nature of most efficient rate aiding to maintain 
both vertical and lateral position on the approach 
path; 

The value of display gain; 

The role of rate aidimg amd display gain as a function 
of approach path control for different aircraft; 

The significance of all interaction terms--which 
information may be used laker to design more ef- 
ficient and less expensive experiments, 

Experiments With Crosswinds 

The foregoing has been concerned with studies of displays 
without winds, Howeverl there gre situations in which aircraft 
must land in an adverse crosswindo Fuel shortages constitute 
one such situation, With the supersonic transport j u s t  over 
the operational horizon, this situation is likely to occur more 
frequently. 

An important aspect of crosswinds is gusting, It will 
be required to program steady crosswinds and also crosswinds 
with various magnitudes of gusting, Wind consideration in- 
troduces three new variables into the evaluation of displays: 

l, Wind direction relative to landing direction; 

2. Wind velocity; 

3, Wind gusting, 
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Wind direction and velocity should be included in the same 
experimental design, Pt would also be desirable to include 
gusting in the same design, This would require that a rea- 
listic limit be placed on the wind velocity variable, Each 
trial should continue through the roll-out phase of landing. 

The previous set of studies without wind would have 
provided information about the best rate aiding and display 
gain values to use. These experiments would assume optimal 
values of these factors. This would leave an experiment 
with four variables: 

1. Aircraft type--three--Douglas DC-9, Convair 880, 
and Boefng 909; 

2, Wind direction--six values, O", 30° ,  60", 9 0 8 ,  1 2 O o F  
l5O"; 

3 Wind velocity--four values ; 

4 ,  Wind gusting--four values. 

This is a factorial experiment with 288 cells in the 
design matrix, 
matrix, there would be a total of 596 data items for analysis, 

With two coiplete replications of the design 

Performance measures which would be collected include: 

1, Deviation from optimal point for initiating the 
final approach, distance, altitude and lateral 
position : 

2, Root-mean-square deviation from optimal approach 
path, vertical and lateral deviation, separately; 

3 ,  Deviation from optimal point for flare initiation, 
distance from threshold and altitude, separately; 

4 .  Distance from threshold at touchdown; 

5. Lateral deviation from center line at touchdown; 

6, Root-mean-square deviation from a straight path 
during roll-o~t; 

9. Requirement for emergency measures to halt roll-out, 
e.ge, emergency use of brakes, etc., 

8, Frequency of aborted trials. 
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This experiment i s  r a t h e r  ex tens ive  in scope. The re- 
quirement is  f o r  576 acceptab le  t r i a l s ,  This  s tudy can be  
f r a c t i o n a t e d  i n t o  manageable po r t ions  by ass igning  a p r i o r i t y  
t o  t h e  v a r i a b l e s  included,  For example, it may be  argued 
t h a t  the type  of a i r c r a f t  ( landing  technique) w a s  a var ia -  
b l e  which d i d  n o t  need-imm d i a t e  i n v e s t i g a t i o n ,  

With t h e  above assumption one could run  t w o  s t u d i e s .  
The f i x s t  would cons ider  only t h e  s t r a i g h t - i n  approach and 
the Boefng 70% aircraf t .  The experimental  mat r ix  f o r  t h i s  
s tudy would inefude 96 cells, Two r e p l i c a t i o n s ,  t o  provide 
an adequate error tern, would r e q u i r e  1 9 2  t r i a l s  ( l and ings ) .  
The analysis of t h e s e  d a t a  would be: 

Sowee of Variance 

Wind d i r e c t i o n  
Wind v e l o c i t y  
Wind gus t ing  
DQ 
De 
VG 
DVG 
Error term 
Grand mean 

d o f ,  
I__m 

5 
3 
3 

115 
15 

9 
45 
96 
1 

d , f ,  (cum) 

5 
8 

11 
26 
4 1  
50 
95 

1 9  1 
1 9 2  

The second s tudy  could b r i n g  in t he  v a r i a b l e  of a i r -  
c ra f t  ( landing  technique) @ For t h i s  s tudy  two values  of 
each of t h e  wind v a r i a b l e s  would be chosen, t o  provide a 
range of values  $8 i n s u r e  the a c t i o n  of winds i n  t he  experi-  
ment, The expeffment would have a design mat r ix  with 2 4  
cells, Three r e p l i c a t i o n s  would g ive  an adequate error 
tern, This would require 791 t r ia l s  ( l and ings ) ,  The a n a l y s i s  
would be: 
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Source of Variance d . f .  d . f .  (cum) 

Ai rc ra f t  
Di rec t ion  
Veloci ty  
Gusting 
AD 
AV 
AG 
DV 
DG 
VG 
ADV 
ADG 
AVG 
DVG 
ADVG 
Er ro r  t e r m  
Grand mean 

2 
1 
1 
1 
2 
2 
2 
1 
1 
1 
2 
2 
2 
1 
2 

48 
1 

2 
3 
4 
5 
7 
9 

11 
12 
1 3  
1 4  
1 6  
18 
20 
2 1  
2 3  
71 
72 

Study of t h e  Trans i t i on  Period 

The t r a n s i t i o n  per iod assumes cons iderable  importance 
because of t h e  step-wise approach which i s  being taken t o  
a r r i v e  a t  a Category I11 weather landing c a p a b i l i t y ,  and 
a l s o  because of t h e  socio-psychofogicaf problems involved. 
I f  w e  are t o  go.step-wise from a 200 f o o t  and one-half  m i l e  
c r i t e r i o n  t o  a 1 0 0  f o o t  and one-fourth m i l e  c r i te r ion  and 
f i n a l l y  t o  a zero-zero weather c a p a b i l i t y ,  t h e  d i sp lay  must 
f a c i l i t a t e  t h e  landing by shor ten ing  t h e  t r a n s i t i o n  per iod.  
The problem i s  t o  develop a technique f o r  measuring t h e  
t r a n s i t i o n  per iod ,  

Measurement of t h e  t r a n s i t i o n  per iod r e q u i r e s  a re- 
o r i e n t a t i o n . o f  a t t i t u d e  toward t h i s  phenomena. Ins tead  of 
consider ing a t i m e  per iod ,  consider  a threshold  f o r  accept ing 
t h e  condi t ions  of t h e  landing as s a t i s f a c t o r y .  What w e  wish 
t o  c r e a t e  i n  t h e  l abora to ry  is t h i s  th reshold  of acceptance.  
I f  w e  can do t h i s  w e  may be a b l e  t o  manipulate t h e  t r a n s i t i o n  
from instrument  t o  con tac t  f l y i n g ,  during a i r c r a f t  landing. 

Thinking i n  t e r m s  of a t h re sho ld  of acceptance,  w e  may 
use t h e  method of l i m i t s  t o  determine t h i s  th reshold .  The 
method of  l i m i t s  r e q u i r e s  t h a t  one p resen t  a r egu la r  sequence 
of graded s t imulus s i t u a t i o n s  t o  t h e  s u b j e c t  and observe h i s  
r eac t ion .  In  t h e  p r e s e n t  contex t  t h e  s t imulus  s i t u a t i o n  
would be composed of a s p e c i f i e d :  
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1, A i r c r a f t  ( landing  technique)  ; 

2, Display f o r  landing;  

3,  P i l o t - c o p i l o t  landing t a s k  s p l i t ;  

4 ,  Standard approach p a t t e r n :  

50  Standard ground f a c i l i t i e s ,  

The s t imulus s i t u a t i o n  would be graded a s  regards  t h e  simu- 
l a t e d  c e i l i n g ,  from say  300 f e e t  t o  zero feet ,  i n  25-foot s t eps .  
This would,give a range of 13 graded s t e p s .  Landings would 
be flown as f o r  t h e  o t h e r  experiments.  Besides c o l l e c t i n g  t h e  
usua l  d a t a ,  one would note  whether t h e  p i l o t  e l e c t e d  t o  go- 
around on a p a r t i c u l a r  landing,  
one could achieve f o r  each aircraf t -display-approach pa t t e rn -  
ground f a c i l i t y  combination a sequence of go-around o r  n o t  
go-around information,  e , g . ,  

Through use of t h i s  method, 

C e i l i n e  

300 
275 
250 
225 
200 
175 
150 
125 
1 0 0  

75 
50 
25 

0 

Go-  around 

No 
No 
No 
No 
N o  
N o  
N o  
Y e s  
N o  
Y e s  
Y e s  
Y e s  
Y e s  

By e s t a b l i s h i n g  a sco r ing  convention one could determine 
t h e  c e i l i n g  below which a go-around would be expected t o  
occur.  This c e i l i n g  would then  be accepted as t h e  t h r e s -  
hold f o r  t h a t  a i rcraf t -display-approach pattern-ground 
f a c i l i t y  contex t ,  

There are several problems a s soc ia t ed  w i t h  t h e  develop- 
ment of t h e  above technique: 

1. Es tab l i sh ing  a s imula t ion  s i t u a t i o n  t o  vary t h e  
c e i l i n g ;  
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2 .  Validation of the sirnulation situation; 

3 0  Determining the reliability (consistency) of the 

4 ,  Standardization, 

method; 

Simulating the landing involves the provision of visual, 
kinesthetic and-motion cues of landing in the context of a 
reduced ceiling, It is suggested that Ames Research Center 
has all of these already, except the displays and the re- 
duced ceiling context, There exists at Ames a landing 
simulator which provides visual cues associated with the 
airport, and kinesthetic and motion cues of flight, The dis- 
plays would have to be created in any case, so this presents 
no - new problem, 

It is suggested that the variable reduced ceiling could 
be simulated by attaching to the exterior of the cockpit 
sirnulator sets of rollers on which was wound a plastic 
material which was for the most part opague to light and 
which looked like cloud, At some portion, the cloud appear- 
ance would become less opaque and finally become clear, For 
a standardized approach, adjustment of the amount of opaque 
material would-allow one to vary the ceiling, exactly for 
purposes of experimentation, With the motion cues provided 
by the simulator, it is felt that movement of the cloud-like 
opaque material would provide a realistic landing situation. 

Validation of the simulation situation could be done 
by asking pilots who had experienced the transition in real 
life situations to fly the simulator. They would then be 
asked to rate the similarity of their reactions and attitudes 
in the two situations, as regards: 

1. Flying in fog; 

2. Realistic transition; 

3 ,  Aircraft handling; 

4 .  Loss of laboratory context (overall realism). 

Determination of the reliability of the simulation 
would be the next step after (and if) the method passed 
the validation test. This could be combined with the 
standardization runs. Reliability involves determining the 
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consistency with which different pilots and groups of pilots 
performed in the simulation situation for a given aircraft- 
display-approach pattern-ground facility context. We are 
here concerned.with the variability of performance of 
individuals and of the groups. 

Standardization is concerned with mean values of per- 
formance figures, and the standard error of these means, 
for pilots with a given experiential background and dif- 
ferent landing situations. Given the validity of the 
method and the reliability and standardization data, one 
could then proceed to design studies to evaluate displays 
as regards their usefulness to reduce the threshold of 
acceptance for landing in reduced minimums. 
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ABSTRACT 

The r e p o r t  p re sen t s  an a n a l y t i c a l  and empir ica l  s tudy 
of t h e  information requirements and t h e  n a t u r e  of a d i sp lay  
for  landing i n  reduced weather minimap 

The VFR l anding  task i s  analyzed t o  determine in fo r -  
mation requirements and t o  determine t h e  manner i n  which 
information i s  used. I t  was found u s e f u l  t o  cons t rue  t h e  
information a v a i l a b l e  t o  t h e  p i l o t  as analogous t o  a com- 
pensatory d isp lay .  

An acceptance s tudy was made t o  determine p i l o t  pre- 
fe rences  f o r  information d i sp lay .  The r e s u l t s  i n d i c a t e  
t h a t  p i l o t s  p r e f e r  a windscreen d i sp lay  which p resen t s  a 
p i c t o r i a l  r ep resen ta t ion  of t h e  landing s i t u a t i o n  and t h e  
r e l a t i o n s h i p  between t h e  a i r c r a f t  and t h e  g l i d e  s lope  and 
l o c a l i z e r ,  

A d i sp l ay  concept is presented which conforms t o  t h e s e  
information requirements and is  based on t h e  p i l o t  p references  
determined i n  t h i s  and previous s t u d i e s .  A program of research  
for eva lua t ing  the  usefu lness  of d i sp l ays  is ou t l ined .  
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APPENDIX I 
DATA COLLECTION FORM 

I n i t i a l  
Date 

T i m e  

DISPLAY PREFERENCE RECORD FORM 

1, A i r l i n e  

2, Your u s u a l  equipment 

3 ,  Your u s u a l  rou te(s )  

(Spec i fy  major t e r m i n a l s ,  e .g . ,  LAX, DCA, etc.)  

4. Usual F l i g h t  P o s i t i o n :  Capta in  1st O f f i c e r  

5 ,  Addi t iona l  Ground P o s i t i o n s :  
( e . g , ,  Sa fe ty  Chairman) 

6 ,  Approximate To ta l  A i r l i n e  F ly ing  Hours: J e t  . Prop 

7, A g e  8 ,  Years P i l o t  Experience 

9, Approximate t o t a l  m i l i t a r y  f l y i n g  hours  

16, P r i n c i p a l  m i l i t a r y  a i r c r a f t  type:  T ranspor t  
Bomber 
F i g h t e r  

11, Approach s i t u a t i o n  I n d i c a t o r  

T i m e  
92, P a i r  N o ,  

P re fe rence :  ( A )  (B) , None 

Reason f o r  P re fe rence  : 
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3.3, P a i r  N o .  

P reference :  (Cl I (A)  , None 

Reason f o r  Preference :  

14. P a i r  N o ,  ___ 
Preference :  (e9 I (B') , None 

Reason for Preference :  

15 * P a i r  No * 

Preference :  (C) r (B) , None 

Reason for  Preference :  
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1 6 ,  Pa i r  N o .  

Preference:  (A) e (B) , None 

Reason for  Preference  : 

17. 

180 

P a i r  N o  

Preference :  (A)  I (C) , None 

Reason for Preference :  

P a i r  N o .  

Preference : (A9 (B)  , None 

Reason for Preference :  
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19, P a i r  N o ,  

P reference :  (B) , (C) , None 

Reason for  Preference :  

20. P a i r  No. 

Preference :  (A)  t (C) , None 

Reason f o r  Preference :  

2 1 ,  P a i r  No, 

Preference :  (A)  t (B) None 

Reason f o r  Preference :  
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2 2 ,  Pair N o ,  

Preference: (A)  ? (B) , None 

Reason for Preeerenee : 

23, P a i r  N o ,  

Preference: (B) I (C) , None 

Reason for Preference: 

2 4 ,  Pair N o ,  

Preference: (A)  r (B) , None 

Reason for Preference: 



25.  Pair N o .  

Preference: (A) I (C) , None 

Reason for Preference : 

26. Pair No a 

Preference: (B) I I None 

Reason for Preference: 

27, P a i r  No, 

Preference: (A9 - v  (D) , None 

Reason for Preference : 
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28.  Pair No 

Preference: (13) I (D) I None 

Reason for  Preference: 

29 .  P a i r  No, 

Preference: Qc) I (D) I Nane 

Reason for Preference: 



Time 

30, When making a WFR approach during the day time do you use 

the so-called spot of no movement to insure making the 

runway: (Yes) (No) B 

What (other) cues do you use? 

3 1 ,  When making an I P R  approach d u r i n g  the day time, what 

does the pilot attend to during the period of transition 

from instruments to contact flying? 

Time 
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32. During normal operations, which of the engine operation 

instruments do you find most useful? 

33 ,  Do you use these instruments routinely to infer in- 

formation about engine thrust which is not displayed? 

YES ( l e  NO ( ) -  

If yes, how do you infer thrust? 

34,  If you had a display of per cent of engine thrust, what 

other engine operation information would you need? 
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APPENDIX I1 
THE DISPLAYS USED IN THE 

ACCEPTANCE STUDY 

Situation Displays 

A. The Spectocom display.- The Spectocom system produces 
a display fixed relative to the aircraft, except for the hori- 
zon line and the parallel lines below the director. The 
angular spread of the display is about 7 ' 0  

The horizon line, which is a straight transverse line 
with a break in the center, is gyrostabilized to define a 
horizontal plane. It and the parallel lines below the direc- 
tor are'the only stabilized elements in the display, and it 
is stabilized only in pitch and roll; its center point always 
remains in the plane of symmetry of the aircraft (i.e., the 
xz plane). 

The attitude image: 

defines a convenient reference line in the aircraft and has 
wings parallel to the aircraft transverse axis. It is a fixed 
image in the display and its relationship to the horizon line 
gives an indication of angle of pitch and roll. The relation- 
ship between the attitude image and the aircraft flight path 
must vary with angle of attack (i*ee, with airspeed and 
weight), However, in the absence of a flight path marker,. 
it is presumed that the attitude image would be related to a 
reference line which is in close proximity to the flight path 
at normal approach speeds. 

The director image system: 
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c o n s i s t s  o f  a pyramid of  h o r i z o n t a l  l i n e s ,  l oga r i thmica l ly  
spaced, with a do t  a t  i t s  apex which works i n  conjunction 
with t h e  a t t i t u d e  image as a f l i g h t  d i r e c t o r .  The pyramid 
extends o r  c o n t r a c t s  v e r t i c a l l y  or l eans  t o  e i t h e r  s i d e  t o  
p l ace  t h e  d i r e c t o r  d o t  where it i s  requi red  t o  be. 

A scale of  a i r speed  is  provided along the  top  of t h e  
d i sp lay  and a s c a l e  of  a l t i t u d e  runs v e r t i c a l l y  up t h e  l e f t  
hand side., A c i r c u l a r  segment around t h e  a t t i t u d e  image g ives  
an i n d i c a t i o n  of  range from t h e  runway, t h e  scale being such 
t h a t  a quadrant of t h e  circle rep resen t s  one n a u t i c a l  m i l e .  

I 

t h e  a 
and t h e  d i sp lay  ope ra t e s  i n  e x a c t l y  t h e  same way as a con- 
vent iona l  panel  mounted f l i g h t  d i r e c t o r  instrument,  Having 
no heading marker o r  f l i g h t  path marker, i t s  only advan- 
tages  over  t h e  conventional instrument are i t s  g r e a t e r  s i z e  
and l a c k  of p a r a l l a x  e f f e c t s ,  

B. Co l l in s  329B-4A f l i g h t  d i r e c t o r  i nd ica to r . -  T h i s  
panel mounted i n s t r u m e n t  d i sp l ays  ACFT a t t i t u d e  and f l i g h t  
director information i n  a thieeidimensional  forward view - 
disp lay .  

The a i r c r a f t  symbol is a f ixed  re ference  poin t .  

The command bar i s  in t h e  shape of a shallow inve r t ed  "V" 
which i s  matched a g a i n s t  t h e  delta-shaped a i r p l a n e  symbol i n  
p i t c h  and r o l l ,  The command bar moves up and down t o  command 
a change of p i t c h  and moves clockwise and counterclockwise 
t o  command a change of r o l l  a t t i t u d e .  

The command bar i s  servo-driven with sepa ra t e  inpu t s  
for  p i t c h  and r o l l ,  The ou tpu t s  of  t h e  t w o  servos a r e  
combined mechanically wi th in  t h e  instrument t o  provide an 
i n t e g r a t e d  p i t c h  and roll command on t h e  command bar. 

P i t c h  a t t i t u d e  is  ind ica t ed  by the  moving t ape  r e l a t i v e  
t o  t h e  f i x e d  a i r c r a f t  symbol, 
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Bank angle  i s  displayed by a p o i n t e r  read a g a i n s t  a 
f ixed  scale and by t h e  r o t a t i o n  of t h e  t ape  w i t h  r e spec t  
t o  t h e  a i r c r a f t  symbol, The roll a t t i t u d e  d i sp lay  has  
360 degrees of  freedom, Both r o l l  and p i t c h  a t t i t u d e  d i s -  
p lays  are motor-driven servo  mechanisms. 

The p i t c h  command selector knob provides p r e s e l e c t i o n  
of  a d e s i r e d  p i t c h  a t t i t u d e  for climb or  descent ,  The p i t c h  
s c a l e ,  a g a i n s t  which t h e  p i t c h  command knob is read,  is 
c a l i b r a t e d  between + l 5  degrees and - 0 degrees of p i t c h  on 
t h e  expanded scale. 

A p i t c h  t r i m  adjustment,  l oca t ed  under t h e  p i t c h  command 
knob, a l t e r s  t h e  p o s i t i o n  of t h e  p i t c h  reference l i n e  Qhor izon  
l i n e )  on t h e  t ape  wi th  r e spec t  t o  t h e  a i r p l a n e  symbol t o  
permit a l i g n i n g  t h e  d i sp lay  during i n i t i a l  i n s t a l l a t i o n ,  i f  
required.  

A t r i a n g u l a r  p o i n t e r  a t  t h e  l e f t  s i d e  of  t h e  instrument 
f ace  d i sp lays  a i r c r a f t  dev ia t ion  f r o m  t h e  c e n t e r  of t h e  g l ide-  
s lope  beam. Po in te r  d e f l e c t i o n  above t h e  c e n t e r  re ference  
mark i n d i c a t e s  t h a t  t h e  g l i d e  sfope i s  above t h e  a i r c r a f t ,  
Two marks on e i t h e r  s i d e  of  t h e  c e n t e r  reference fndica-ke 
h a l f -  and f u l l - s c a l e  d e f l e c t i o n .  The g l ide-s lope  p o i n t e r  is 
dr iven  by a l i n e a r  d-c meter mechanism andp when not  in u s e ,  
is d e f l e c t e d  o u t  of  view a t  t h e  top  of t h e  scale. 

A p o i n t e r  suggest ing t h e  runway in t h e  lower p a r t  of t h e  
d i sp lay  i n d i c a t e s  dev ia t ion  from t h e  l o c a l i z e r  beam, Poin&?r 
d e f l e c t i o n  t o  t h e  l e f t  i n d i c a t e s  t h a t  t h e  l o c a l i z e r  beam is 
t o  t h e  l e f t  of t h e  a i r c r a f t ,  The l o c a l i z e r  d i sp l ay  i s  on an 
expanded scale t o  provide increased  s e n s i t i v i t y  for  l o w  ap- 
proach, The l o c a l i z e r  p o i n t e r  is driven by a linear d-c 
mete'r mechanism, 

The incl inometer ,  c o n s i s t i n g  of a weighted b a l l  i n  a 
l i q u i d - f i l l e d  curved g l a s s  t ube ,  provides s l i p  ox sk id  ind i -  
c a t i o n s  

The de ten ted  four -pos i t ion  knob a t  t h e  l o w e r  r i g h t  of 
t h e  i n d i c a t o r  permits  s e l e c t i o n  of  t h e  mode of opera t ion  
of  t h e  F l i g h t  Di rec tor  Computer, Exact opera t ion  of each 
mode i s  dependent on t h e  P l i g h t  Di rec tor  Computer, General 
d e s c r i p t i o n s  of t h e  d i f f e r e n t  modes are as  fo31lows: 



OFF - 

HDG - 

V/L - 

G S  - 

F l i g h t  Di rec tor  Computer no t  i n  use;  command ba r s  
d e f l e c t e d  o u t  of s i g h t ,  I n d i c a t o r  i s  used as an 
a t t i t u d e  re ference  only ,  

Command b a r s  provide la teral  guidance t o  achieve 
and maintain a compass heading, as s e l e c t e d  on 
t h e  Course I n d i c a t o r ,  Vertical guidance is  from 
p rese l ec t ed  p i t c h  a t t i t u d e ,  

Command b a r s  provide l a t e r a l  guidance t o , c a p t u r e  
arid track a VOR o r  localizer r a d i o  beam. V e r t i -  
cal  guidance same as i n  HDG mode. 

Command b a r s  provide la te ra l  and v e r t i c a l  guidance 
t o  cap tu re  and t r a c k  t h e  l o c a l i z e r  and g l ide-  
s lope  beams r e spec t ive ly .  G l i d e  s lope  and loca- 
l i z e r  p o i n t e r s  i n  view t o  monitor a i r c r a f t  dev ia t ion  
from beams. 

I n  a c t u a l  use,  t h i s  instrument func t ions  as p a r t  of a 
package. This  inc ludes  a l s o  a course s e l e c t o r  and a f l i g h t  
computer e 

* -  This d i sp l ay  f o r  landing i n  
IFR condi t ions  i s  designed f o r  1 t o  1 compa t ib i l i t y  with 
t h e  o u t s i d e  world and i s  completely gyro-s tab i l ized  and 
co l l imated  t o  appear a t  i n f i n i t y ,  The d i sp lay  i s  produced 
by a r e f l e c t i o n  of images on a cathrode ray tube and by 
r e f l e c t i o n  of a backl ighted engraved r e t i c u l e .  The r e t i c u l e  
i s  used t o  produce t h e  f l i g h t  pa th  and a i r speed  error images, 

The horizon l i n e  with i t s  t r a c k  marker: 

provides  a h o r i z o n t a l  re fe rence  and de f ines  t h e  d i r e c t i o n  
(azimuth) which i s  u l t ima te ly  des i r ed  t o  f l y .  The t r a c k  
marker  i s  set  by t h e  p i l o t  t o  correspond t o  t h e  runway 
heading during t h e  approach t o  landing. 
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The runway symbol which matches t h e  r e a l  runway i n  
p o s i t i o n r  s i z e  and shape., 

The runway symbol will have t w o  s e p a r a t e  inpu t s  t o  
provide redundancy i n  t h e  s e t t i n g  of  t h e  d isp lay .  One i n -  
pu t  w i l l  be from runway heading, ILS and DME information 
and t h e  o t h e r  w i l l  be "microvision" o r  "Beaconvision" 
inpu t  from r a d i o  beacon on t h e  ground ad jacent  t o  t h e  run- 
way. On t h e  above runway, t h e  four  crosses rep resen t  one 
of t h e  i n p u t s  while t h e  runway o u t l i n e  and c e n t e r l i n e  i s  
t h e  r e s u l t  of  t h e  o t h e r  i npu t .  

The dev ia t ion  c ros s :  

by i t s  r e l a t i o n s h i p  with t h e  runway aiming p o i n t ,  repre-  
s e n t s  t h e  p re sen t  p o s i t i o n  of t h e  a i r c r a f t  r e l a t i v e  t o  
t h e  ILS g l idepa th ,  

As t h e  a i r c r a f t  moves away from t h e  I E S  g l idepa th ,  
t h e  p r o j e c t i o n  of %he dev ia t ion  cross moves away from t h e  
runway aiming p o i n t  i n  t h e  same d i r e c t i o n .  It always 
appears on t h e  d i sp lay  a t  a p o i n t  v e r t i c a l l y  below t h e  
track marke,r (runway heading) a t  an angle  equal  t o  t h e  
ILS g l ides lope  angle ,  The o b j e c t  i s  t o  keep t h i s  devia t ion  
cross on t h e  aiming po in t  of t h e  runway image. 
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T h e  f l i g h t  pa th  marker: 

i n d i c a t e s  t h e  d i r e c t i o n  of t h e  a i r c r a f t  v e l o c i t y  vec tor  rela- 
t i ve  t o  t he  ground, g iv ing  information a s  t o  where t h e  a i r -  
c r a f t  would impact i f  allowed t o  remain i n  t h e  p re sen t  con- 
f i g u r a t i o n  and wind condi t ion  remaining unchanged. 
wings of t he  FP marker a r e  p a r a l l e l  t o  the  a i r c r a f t  wings 
and t h e i r  p o s i t i o n  r e l a t i v e  t o  t h e  a r t i f i c i a l  horizon g ive  
r o l l  information,  

The 

T h e  f l i g h t  pa th  marker a l so  g ives  a i r speed  information. 
The small t a i l  p lane symbol by i t s  p o s i t i o n  r e l a t i v e  t o  t h e  
a i r c r a f t  wings g ives  v a r i a t i o n s  from a d e s i r e d  a i r speed  set  
i n  by the  p i l o t ,  I f  t h e  t a i l  p lane is below t h e  wings, t h e  
speed i s  too  slow and i f  above t h e  wings, t h e  speed is too 
f a s t .  The o b j e c t  i s  t o  keep the t a i l  p lane i n s i d e  of t h e  
a i r c r a f t  wings ( p a r a l l e l  bars ) ,  The la teral  gap between t h e  
i n s i d e  of  t h e  wings i s  designed t o  match t h e  aiming ba r  of 
t h e  runway symbol a t  t h e  d i s t ance  of one n a u t i c a l  m i l e .  

The  a l t i t u d e  tape:: 

---+-..,.%- 



is  presented along the  side of t h e  d i sp lay  and works i n  con- 
junc t ion  w i t h  t h e  horizon l i n e  t o  i n d i c a t e  p re sen t  a l t i t u d e ,  
By t r a c k i n g  a c e r t a i n  a l t i t u d e  with t h e  f l i g h t  pa th  marker 
as t h e  a i r c r a f t  climbs o r  descends,  asymptomatic blending 
t o  a d e s i r e d  a l t i t u d e  can be achieved. 

D. The General Electric v e r t i c a l  display.-  The d i sp lay  
c o n s i s t s  of a moving ground plane t h a t  i s  generated by a 
d i g i t a l  computer. It has a f u l l  s i x  degrees of freedom w i t h  
r o l l .  Random t e x t u r e s  f o r  t h e  ground plane have been de- 
veloped t h a t  provide a good f acs imi l e  of the ear th 's  su r face  
t e x t u r e .  Information from t h e  a i r c r a f t  sensors  and o t h e r  
d a t a  sources  i s  s t i l l  u t i l i z e d ,  however, it i s  coded f o r  t h e  
p i l o t  i n  d i s p l a y  on a s i n g l e  i n t e g r a t e d  information channel .  

The F l i g h t  Pa th  

The f l i g h t  pa th  a s  shown here i s  d i r e c t i o n a l  i n  t e x t u r e  
a s  represented  by t h e  "T"s along i t s  a x i s .  Command speed 
markers are loca ted  t o  t h e  r i g h t  of t h e  f l i g h t  pa th ,  

Runway 

The runway here shown i n  black r ep resen t s  t h e  unique 
ground p o s i t i o n  i d e n t i f i e r  t h a t  can be located a t  any posi-  
t i o n  i n  t h e  XY coord ina tes ,  These black segments are 60 
f e e t  a p a r t ,  and desc r ibe  t h e  c e n t e r  l i n e  of t h e  runway, The 
black runway can be e i t h e r  a broad s t r i p e  o r  l i n e a r l y  seg- 
mented, Ground t ex tuxe l  t e x t u r e  of t h e  runway and t r u e  pers- 
p e c t i v e  a l l  s e r v e  t o  t i e  t h e  runway t o  t h e  ground plane,  

Sky plane t e x t u r e  is  drawn by t h e  same video s i g n a l  t h a t  
creates t h e  ground plane,  The sky plane i s  loca ted  a t  an 
appropr i a t e  v i r t u a l  a l t i t u d e  above t h e  vehic le .  It  does n o t  
respond t o  t r a n s l a t i o n  b u t  w i l l  a ccu ra t e ly  respond t o  a l l  
rotat ional  motion of t he  vehic le .  The sky t e x t u r e  can t a k e  
t h e  form o f  c louds,  s t a r s ,  circles, etc,  made up of minute 
blocks which t h e  computer can descr ibe .  It i s  shown here 
as a p lane  of arrows i n  o rde r  t o  g ive  d i r e c t i o n a l  informa- 
t i o n  when i n  high p i t c h  angle ,  t h e  horizon and ground plane 
are n o t  v i s i b l e ,  

The index marker shown by t h e  cross rep resen t s  t h e  
c e n t e r  l i n e  of t h e  a i r c r a f t ,  The  s h o r t  ho r i zon ta l  l i n e s  
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desc r ibe  each PO degrees of p i t c h ,  The circle r ep resen t s  
angle  of a t t a c k  with r e spec t  t o  t h e  index marker. A s  t h e  
a i rc raf t  climbs t h e  horizon l i n e  w i l l  drop and t h e  a i r c r a f t  
e l e v a t i o n  angle  can be read by not ing  t h e  horizon w i t h  res- 
pec t  t o  t h e  p i t c h  markers .  R o l l  angle can be determined 
by t h e  c e n t e r  l i n e  index. These symbols are described on 
t h e  f ace  of  t he  d i sp lay  tube  a s  opposed t o  being loca ted  on 
t h e  ground f lank .  The angle  o f  attack marker w i l l  move as 
t h e  a i r c r a f t  moves, 

Landing Mode 

During landing mode t h e  f l i g h t  path is  loca ted  a t  t he  
i n t e r s e c t i o n  of t h e  g l i d e  s lope  and localizer.  Wind d r i f t  
angle  i s  shown by o f f s e t  of  t h e  index marker from t h e  f l i g h t  
pa th ,  The runway shown a t  t h e  te rmina t ion  of t h e  f l i g h t  
path is uniquely loca ted  i n  t h e  X and Y coordinates .  

Airspeed 

A. Vertical  t ape  a i r speed  ind ica tor . -  This instrument 
i s  an i n d i c a t o r  d i sp l ay ing  c a l i b r a t e d  a i r speed  and command - -  

a i rspeed .  
which is  pos i t ioned  w i t h  r e spec t  t o  a f ixed  lubber  l i n e .  
Commanded value of a i r speed  i s  shown by moving i n d i c i e s  
and by command counter  l oca t ed  below t h e  r e spec t ive  d is -  
plays.  A s l e w  swi t ch  below t h e  counter ,  c o n t r o l s  t h e  
command mechanism. 

Calibrated a i r speed  i s  shown by-a  moving t ape ,  

B,, Readout a i r speed  i n d i c a t o r , -  The ind ica t ed  a i r speed  
i s  displayed d i g i t a l l y  on a simple readout window w i t h  a 
moving t ape ,  

-- Airspeed is d i s -  
e n t .  Ind ica t ed  

airspeed ( i n  knots)  i s  read by t h e  p o s i t i o n  of  a s i n g l e  
p o i n t e r  a g a i n s t  a f ixed  c i r c u l a r  scale. 

A1 ti t u d e  

A. V e r t i c a l  scale a l t i t u d e  i n d i c a t o r , -  T h i s  i n d i c a t o r  
d i s p l  a l t i t u d e  and 
barometr ic  s e t t i n g ,  Vernier  and f i n e  a l t i t u d e  are shown 
by moving t apes  which are pos i t i oned  w i t h  r e spec t  t o  a 
f ixed  lubber  l i n e .  Command a l t i t u d e  is shown by moving 



i nd ices  superimposed over t h e  moving t apes  and t h e  command 
value is disp layed  d i g i t a l l y  by t h e  command counter  below 
t h e  vernier- scale, 

B e  Y e l l o w  Pine a l t i t u d e  ind ica to r , -  This instrument is 
b a s i c a l l y  a conventional d i a l  type a i r s p e e d . i n d i c a t o r .  It  i s  
p a r t  of t h e  p i t o t  system and thus  t h e  information source is 
t h e  same-as t h e  conventional instrument ,  The only d i f f e r e n c e  
is a modiflecation t o  t h e  10 ,000  f o o t  po in t e r .  This p o i n t e r  
i s  rep1aced.b-y. a. white  index mark which is  followed by a 
yellow l i n e ,  so t h a t  t h e  approximate p o s i t i o n  of t h e  10,000 
foo t  i n d i c a t o r  is  immediately v i s i b l e .  The 1 , 0 0 0  f o o t  p o i n t e r  
has  been modified a s  regards  shape, so t h a t  t h e  white index 
of t h e  1 0 , 0 0 0  f o o t  marker is  n o t  obscured. The modif icat ion 
c o n s i s t s  i n  t h e  i n s e r t i o n  of an open c i rc le  a t  t h a t  po r t ion  
of t h e  1 , 0 0 0  f o o t  p o i n t e r  which might over-lay t h e  l0,OOO 
f o o t  index. 

C, Standard +po in te r  altimeter,- A l t i t ude  is  displayed 
on a conventional clock-type instrument w i t h  a f ixed  s c a l e  and 
t h r e e  moving po in te r s :  a s h o r t  t h i n  p o i n t e r ,  a somewhat 
l a r g e r  wide arrow-type p o i n t e r ,  and a long t h i n  po in te r .  
The t e n  thousand f o o t  p o i n t e r  is  t h e  smallest p o i n t e r ,  and 
a l t i t u d e . i n  t e n s - o f  thousands i s  obtained from t h e  p o s i t i o n  
along t h e  scale; l Q O O  f o o t  increments a r e  displayed by t h e  
p o s i t i o n  of  t h e  s h o r t  wide arrow-type p o i n t e r ;  t h e  100 foot 
readings are obtained from t h e  p o s i t i o n  of t h e  long t h i n  
p o i n t e r  on t h e  scale. 

Rate of Climb 

A .  Standard r a t e  o f  climb ind ica to r . -  This  i s  a s t an -  
dard clock-type rate of climb i n d i c a t o r  gfvfng thousands 
of f e e t  where t h e  p o i n t e r  is read a g a i n s t  t h e  c i r c u l a r  
scale t o  g ive  climb o r  descent ,  

i n d i c a t o r , -  This  instrument  d i sp l ays  t h e  same range as t h e  
s tandard.  r a t e  o f - c l i m b  i n d i c a t o r  b u t  it inc ludes  more 
graduaaon-marks  between zero and one thousand f e e t  and 
between t w o  and s i x  thousand feet  for  both climb and des- 
cent .  Also, t h i s  instrument  has more numbers ind ica t ed  
on t h e  scale. 



speed i n d i c a t o r , -  Vertical speed i s  read from a moving 
t r i a n g u l a r  index a g a i n s t  a f i xed  scale. The index be- 
comes fixed.when t h e  ver t ical  r a t e  exceeds 2000 o r  -3000 
f e e t  pe r  minute. The v e r t i c a l  speed t ape  is then read 
a g a i n s t  t h e  same index and can vary up t o  4 0 , 0 0 0  f t . /  
min. 

A t t i t u d e  

0 -  

Two p a r a l l e l  b a r s ,  one moving v e r t i c a l l y  up and down t o  
p re sen t  dive-climb information,  and t h e  other moving hori-  
z o n t a l l y  p re sen t ing  yaw-roll  information are read a g a i n s t  
f i xed  scales along t h e  side and t o p  of t h e  instrument.  

0 -  

Two p o i n t e r s ,  one hinged on t h e  s i d e  and one on t h e  bottom 
r o t a t e  ac ross  f i x e d  s c a l e s  a t  t h e  top and side re spec t ive ly  
g iv ing  r o l l  and climb-dive information,  

Turn and Bank 

A, Standard t u r n  and-bank indicator.-  Th i s  is a 
s tandard  b a l l  and p o i n t e r  type  of t u r n  and bank ind ica t ed ,  

t u r n  
ings  

B, Modified t u r n  and bank ind ica to r . -  The s tandard 
and bank i n d i c a t o r  has been modified by p u t t i n g  mark- 
ac ross  t h e  t o p  where t h e  p o i n t e r  is  read, 

P , % , S ,  Glide Slope and Local izer  Deviation 

A, Standard IC,E.S, dev ia t ion  i n d i c a t o r , -  T h i s  i n s t r u -  
ment i n d i c a t e s  g l i d e  s lope  and l o c a l i z e r  dev ia t ion  by dis-  
playing "Fly-To" information, Po in te r s  hinged on t h e  l e f t  
(G.S,) and t h e  t o p  ( l o c a l i z e r )  of t h e  d i sp lay  are read as 
"Fly-To" i n d i c a t o r s  and i n  each case  t h e  p i l o t  f l i e s  t o  
where t h e  needle  is  po in t ing  t o  rega in  t h e  I.L.S. g l i d e  
s lope  and/or l o c a l i z e r ,  

.- Locali-  
z e r  d inged i n  
the c e n t e r  of t h e  elock-type instrument ,  t h e  p o i n t e r  being 
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read across the top of the instrument. The glide slope 
deviation is displayed using a horizontal bar which moves 
vertically up or down to indicate glide sfope deviation, 
Course heading can be set in and read at the top of the 
instrument and the localizer pointer can also be set into 
omnirange heading information. 
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Situation Displays 

A, The Spectocom display 
91 



Is, Col l in s  329B-7A f l i g h t  d . i rector  i n d i c a t o r  

9 2  



C. The Type A d i sp lay  

9 3  



D. The General Electric v e r t i c a l  d i sp l ay  
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Airspeed 

A .  V e r t i c a l  t ape  a i r speed  i n d i c a t o r  

95 



B. Readout a i r speed  i n d i c a t o r  

C. Conventional a i r speed  i n d i c a t o r  96 



A1 t i t ude  

A. Vertical s c a l e  a l t i t u d e  i n d i c a t o r  
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’ B,  ~ e l ~ o w  l i n e  a l t i t u d e  i n d i c a t o r  

C. Standard 3-pointer altimeter 98 



Rate .Of Climb 

A ,  Standard rats of cZi indicator 

Modified rate of climb indicator 99 



C. Vertical tape rate of climb indicator 
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Attitude 

Displacement bar altitude indicator 

101 Zinged pointer altitude indicator 



Turn And Bank 

I 

Standard t u r n  and bank i n d i c a t o r  

Nodified t u r n  and bank i n d i c a t o r  102  



I L S  Glide Slope And Local izer  Deviation 

A,  Standard I L S  dev ia t ion  i n d i c a t o r  

'Be Moving b a r ,  c e n t e r  hinge ILS i n d i c a t o r  1 0 3  



APPENDIX I Z I  
PILOTS'REASONS FOR DISPLAY PREFERENCES 

Table 1, Type and frequency of reasons f o r  p i l o t  
p re fe rence  of a i r s p e e d  p r e s e n t a t i o n s .  

Reason f o r  Preference  - f Reasons f o r  Non-preference 2 
1ST CHOICE: B (convent iona l  clock-type) 

F a m i l i a r i t y  (experience)  1 2  I t  i s  a long way f r o m  

Can see t r e n d  8 
E a s i e r  and qu icke r  t o  

read 4 
Rela t ionsh ip  t o  o t h e r  

number: Range 4 

Read angle  of  p o i n t e r  11 adequate 9. 

2ND CHOICE: - C ( v e r t i c a l  t ape )  

Can see t r e n d  5 Easy t o  misread 
Easier and qu icke r  Don't l i k e  it 

reading  4 
Can see range 3 

(command) 3 
Bigger n a t u r a l  numbers 3 
Better p i c t o r i a l l y  2 
Famf 1 ia r  1 

Have cross reference 

3RD CHOICE: A - ( d i g i t a l  readout )  

Simple, p r e c i s e  
Easy t o  read  

3 
1 

4 T o o  much f lopping  around 2 
3 N o  way t o  mark minimums 2 

Could misread i f  n o t  l a r g e r  1 
Want t o  see t r e n d  l 
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T a b l e  2. Type and frequency of reasons given f o r  p i l o t  
p reference  of a l t i t u d e  p resen ta t ions .  

Reasons f o r  Preference - f Reasons f o r  Non-preference 

1ST CHOICE: - B (modified conventional clock-type) 

Easy t o  read 1 0  Yellow bad under l i g h t  
L e s s  chance for  error 4 Numbers should be bigger  
An improvement 4 
P r e f e r  c i r c u l a r  type  2 
F a m i l i a r i t y  2 
Like t h e  yellow-line 2 
Lesser of t w o  e v i l s  1 

2ND CHOICE: C - (conventional 3-pointer: a l t i m e t e r ]  

F a m i l i a r i t y  (experience)  8 Hard t o  read/read c o r r e c t l y  
Easier t o  read 4 Don't  l i k e  l 0 H  marker 
Prefer c i r c u l a r  type  2 Outdated 
B e t t e r  comparison: a l l  

i n  one a r e a  2 
Easy t o  check 1 
Need for  low work 1 
Prefer needle  1 

3RD CHOICE: A - ( v e r t i c a l  t ape)  

More p i c t o r i a l  2 Confusing: hard t o  read 
Eas i e r  t o  check 1 . w i t h  c l u t t e r  
Simple P 
Simpler t o  i n t e r p o l a t e  1 
More impressive psy- 

cho log ica l ly  l 
A l l  d i sp layed  i n  one a r e a  1 
Can' t  misread E 

9 
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Table 3, Type and frequency of reasons for  p i l o t  
p reference  of ve r t i ca l  speed i n d i c a t o r s .  

Reasons fo r  Preference  - f Reasons f o r  Non-preference 

1ST CHOICE: B - (graduated s t anda rd  clock-type) 

Less i n t e r p r e t a t i o n /  B leaves l o t  t o  be d e s i r e d  
markings 13  

F a m i l i a r i t y  9 

quick g lance  3 
Simpler 3 
Easy t o  read  2 
Clock-type 2 
S u f f i c i e n t  2 
Better comparison 2 
More numbers 1 
For l o w  work 1 

2 N D  CHOICE: A - (convent ional  clock-type) 

Simple-No c l u t t e r :  no Leaves l o t  t o  be d e s i r e d  

Read ang le  of needle- 

need f o r  more markings13 
F a m i l i a r i t y  7 
Easy t o  read  5 
See a t  qu ick  glance 2 
More information 1 
Better p i c t u r e  1 

3RD CHOICE: C (ver t ical  t ape )  

f - 

1 

1 

Easy t o  read 2 
You can see i f  you ' r e  

going down o r  up 2 
Markings fo r  accuracy 2 

1 0 6  



T a b l e  4, Type and frequency of reasons for  p i l o t  
p r e f s r e n c e . o f . a t t i t u d e  p resen ta t ion ,  

f Reasons f o r  Non-preference Reasons f o r  Preference - 
1ST CHOICE: A - (moving ba r )  

Like bar-type movement 7 Confusing 

F a m i l i a r i t y  (experience) 1 

More of  a t t i t u d e  

Easy t o  read 2 

P i c t o r i a l l y  b e t t e r  P 

condi t ion  1 

2ND CHOICE: B I (hinged p o i n t e r )  

Easier /quicker  t o  read 4 Confusing 

Display of "dive-climb" 
Like hinged p o i n t e r  2 

Simpler 1 
F a m i l i a r i t y  1 

b e t t e r  2 

f - 

1 

P 

Table 5 .  Type and frequency of reasons for  p i lo t .  
p reference  o f  t u r n  and bank p resen ta t ions ,  

Reasons f o r  Non-preference f - Reasons f o r  Preference - f 

1ST CHOICE: B (modified) 

Sca le  markings 1 6  

d i sp l ay  P 
Better and s t r o n g e r  

2ND CHOICE: A - (convent ional)  

Adequate - compute 
needle  width 2 

Fami l ia r  1 
R e s i s t  change 1 
Simple - d o n ' t  need 

more markings 1 



Table 6 .  Type and frequency of reasons f o r  p i l o t  
p reference  of g l ide  s lope  and l o c a l i z e r  
p re sen ta t ion ,  

Reasons f o r  Non-Preference f - Reasons for Preference - f 

1ST CHOICE : C - (moving ba r )  

Don't l i k e  hinged p o i n t e r  6 Can ' t  read l o c a l i z e r  
Cleaner p i c t u r e  3 Too much c l u t t e r  

Like moving p o i n t e r  Blue-yellow always was 
hinge 1 confusing 

2 
1 

Course heading 3 
Omnirange 2 
More information 1 
Fami l ia r  1 
Eas ie r  t o  read  1 
Lesser of t w o  e v i l s  1 

2ND CHOICE: A - ( s tandard  hinged po in te r )  

l 

1 0 8  



Table L Type and frequency of reasons f o r  p i l o t  
p reference  of 

f - Reason f o r  Preference 

1ST CHOICE: C (Type A)  

Windshield 1 5  
Better p i c t o r i a l l y  11 
Simpler;  less i n t e r -  

po la t ion  5 
Runway 4 
Easy t o  read 2 
More information 2 
Idea of d i s p l a y  b e t t e r  1 
B e s t  o f  most complex 1 

2ND CHOICE:7 A - (Spectoeom) 

S impl i c i ty  making it 
easy t o  read 15 

Windshield 11 
In t eg ra t ed  3 
L i k e  i dea  of presenta-  

t i o n  3 
Directou-steer  I__ t o  it 2 
Targe t  l 

3RD I D ( G e E ,  CRT) 

"ReaI" p i c t o r i a l  pre- 
s e n t a t i o n  2 0  

Simplici ty/easy t o  
grasp  5 

Gives a i r speed  1 

4TH CHOICE: 3 - (Collins) 

F a m i l i a r :  less t r a n s i -  

Simpler:  more under- 

A t t i t u d e  f n d i c a t i o n  

t ion  1 3  

s tandable  6 

b e t t e r  2 
More p i c t o r i a l  2 

equipment l 
Adequate f o r  p 

s i t u a t i o n  d i sp lays .  

Reasons for Non-Preference 

Too confusing and compli- 
ca ted  

D o n ' t  l i k e  it 

Too complicated and n o t  
~ ~ ~ @ ~ s t ~ ~ d a ~ ~ ~  

Donst l i k e  "crab" 

Don't l i k e  it 
Too busy and complicated 
Gives only reference l i n e  

t o  o b j e c t  
Glidepath oppos i te  my pre- 

s e n t  d i r e c t o r  equipment 

2 

7 
4 
1 
l 

3 
2 

l 

1 

7 T i e  for second, 
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Tab1 .e 8, Responses to question "When making a VFR 
approach d ring the daytime do YOU use the 
so-called spot of no movement to insure 
making the runway? I' 

Yes 
No 
Don't know 

5 
20 
5 

Table 9 .  Responses to question "When making a VCPR 
approach during the daytime what cues do 
you use to insure making the runway"?' 

onse 
P 

Runway perspective 
X-spQt 
I , L . S ,  
Instrments 
Overall picture 

Spot along r ~ n w ~ ~  
1000 ft, marker 
S i n k  
Don' t know 

f - 
5 
3 
3 
3 
3 
2 
2 
1 
1 
2 



Table 10. Responses and ~r@~uency of responses to the 

ing the daytime, what does the pilot attend 
to during the period of transition from 
instruments to contact flying?" 

tion "When ma . ~ n g  an I F R  approach dur- 

Checking runway line-up 
Look for approach Bights 
Check runway line-up and check 

Check runway line-up and check 

Check runway line-up and check 

Getting mental picture of what 

sink 

a P t i tude 

airspeed 

instruments tell you in order 
to have an idea of what to 
expect 

Look for spot on runway and 
check altitude 

Look for spot on runway and 
check sink 

Adjust glide path 
Adjust f o r  drift {crosswind) 
Look f o r  distance marker 
Check sink, airspeed and 

Check runway line-up.and f i n a l  
at t i tude 

check of instruments 

f 

LO 
3 

2 

2 

2 

- 

2 

1 

E 
1 
P 
1 

1 

1 



Table 11, Responses and frequency of responses  t o  
t h e  ques t ion  "During normal o p e r a t i o n ,  which 
of t h e  engine ope ra t ion  instruments  do you 
f i n d  most usefu l?"  

f 

Fuel  f l o w  1 0  
Engine P res su re  R a t i o  (EPRP and 

f u e l  f l o w  8 
5 

Engine P res su re  R a t i o  (EPR) 2 
Exhaust G a s  Temperature (EGT) and 

f u e l  flow 2 
Exhaust P res su re  R a t i o  and 

f u e l  flow and Nl  and N 2  
Tachometers l 

Fuel  flow and Nl  tachometer 

Torque I n d i c a t o r  (BMEP) 1 

Table 1 2 .  Response t o  ques t ion  "DO you use t h e s e  
ins t ruments  (Table 1 8 )  r o u t i n e l y  t o  i n f e r  
information about  engine t h r u s t ? "  

Yes 
NO 
Don't know 

2 5  
1 
4 
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TabPe 1 3 ,  Answers and frequency of answers t o  t h e  
ques t ion  " I f  you had a d i s p l a y  of p e r  c e n t  
of engine t h r u s t ,  what o t h e r  engine ope ra t ion  
would you need?" 

None 1 0  
Exhaust G a s  Temperature (EGT) 7 
Fuel  flow 4 
Fuel  flow and Exhaust Gas 

Temperature 2 
Fue l  f l o w  and Engine Pressure  

R a t i o  l 
A l l  b u t  Engine P res su re  R a t i o  1 
I t ' s  j u s t  another  way of doing it 1 
W e  have it - N 
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